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Foreword 



C.A. Vac ant I 



The loss or failure of an organ or tissue is one of the most frequent, devastating, 
and costly problems in human health care. Advances in the medical sciences 
have enabled physicians to restore lost functions in their patients through or- 
gan transplantation, reconstructive surgery with autogenous tissue transfer, 
or the implantation of alloplastic materials. Although only recently termed 
‘‘Tissue Engineering” [1], the use of biological and/or synthetic materials in 
conjunction with cells to create biologic substitutes to serve as functional tis- 
sue replacements has been explored by modern scientists for several decades. 
The concept of generating functional tissue from an organ biopsy was de- 
scribed very early in the literature: “The Lord God cast a deep sleep on the 
man, and while he was asleep, he took out one of his ribs and closed up its 
place with flesh. The Lord God then built up into a woman the rib that he 
had taken from the man” [2]. Review of history further reveals that, according 
to legend, the first homotransplantation of an entire limb was performed by 
Saints Damian and Cosmas, as depicted by the artist Fra Angelico. 

In modern times, as early as 1908, Lexer [3] described early attempts at 
engineering of tissue in his report of the use of freshly amputated or cadaver 
allografts for joint reconstruction. In the early 1970s, Dr. W.T. Green [4] de- 
scribed a series of experiments devoted to the generation of new cartilage. In 
one study, chondrocytes, seeded onto sterile bone spicules, were implanted 
into nude mice. Although the experiments were unsuccessful. Green correctly 
postulated that the advent of new biocompatible materials might enable cells 
to be seeded onto a synthetic scaffolding and implanted into animals to re- 
sult in the generation of new functional tissue. Recent decades have given 
rise to a multitude of descriptions involving the replacement of tissue lost to 
injury and disease. Based on work done by Jannas and Burke in the 1970s, 
our laboratory developed an approach in which cells are seeded onto syn- 
thetic rather than naturally occurring, biocompatible, biodegradable poly- 
mers of different chemical compositions and physical configurations. The 
cell/polymer composites were transplanted into animals for the purpose of 
generating new functional tissue. The approach ultimately results in vascu- 
larization and successful engraftment of cells with new tissue formation. We 
postulated that polymer scaffolds would serve as ceU anchorage sites, provid- 
ing the cell-polymer complex to be implanted with intrinsic structure. This 
enables precise engineering of a multitude of characteristics, such as surface 
area and exposure of the attached cells to nutrients, enabling the biophysical 
limitations of mass transfer to be met. The ratio of surface area to mass can 
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be altered, or the porosity of differing configurations can be changed. The 
pore size of synthetic polymers can be varied to alter the intrinsic strength 
and elasticity of the matrix, as well as other characteristics, such as the de- 
gradation rate and the environment into which the cells are implanted. Also, 
synthetic polymers can be consistently reproduced, and thus varying quality 
is not a problem, as it is with naturally occurring polymers. One might po- 
tentially deliver nutrients and hormones to the cells via chemical incorpora- 
tion in the polymer as it breaks down. It is also conceivable to correct a vari- 
ety of hormonal and enzymatic deficiencies using this approach in combina- 
tion with gene therapy. 

Logical application of this approach necessitates the identification of features 
of a substrate to which cells that are important for maintaining cell function 
can be anchored, and incorporating them into the polymer matrix to be used 
for transplantation. It is known that when some freshly isolated cell types are 
cultured under conventional conditions on plastic or collagen-coated dishes, 
gene transcription is drastically depressed and cell-specific mRNA declines, 
while the mRNA of structure related genes increases manifold. By contrast, 
when cultured on extracellular matrix (ECM) rich in laminin (type IV colla- 
gen), some cell types exhibit increased longevity and maintenance of several 
cell-specific functions. It has been demonstrated that cell shape and function 
can be modified by varying the coating density of any of a variety of different 
naturally occurring extracellular matrix (ECM) substrates on bacteriologic 
plates [5]. The ECM-coating density may also affect the cell’s ability to enter 
the synthetic (S) phase and continue through the cell cycle, not exhibiting 
the S-phase in low-density ECM studies, while entering the S-phase in a high 
percentage of the high-density ECM studies [6]. Some cell types have the abil- 
ity to be switched between programs of growth and differentiation simply by 
modulating the ECM-coating density, thereby altering the substratum’s ability 
to resist cell-generated mechanical load. These and other studies also suggest 
that cell shape may be important in determining cell function. The physico- 
chemical properties of the polymer might therefore be manipulated to alter 
the cell shape and thus the cell physiology. 

The ability of cells to maintain differentiated function is known to be re- 
lated to its phenotype [7]. In our laboratories, we initially studied an un- 
coated 85:15 combination of polylactic/polyglycolic acid and concluded that 
the matrix to which the cells are attached in vitro would be one of the most 
important variables of our system as we continued to search for the ideal 
polymer matrix. Since then, various polymer fibers and hydrogels have been 
identified to serve as suitable substrates for cell delivery. Application of these 
principles has enabled us to successfully generate several new function tissue 
equivalents, including of bone, cartilage, tendons, bowel, bladder, liver, and 
composites of these tissues, which are composed of donor cells embedded 
within recipient interstitium and blood vessels. 

Conclusion 

From these studies we learned that if cell anchorage sites and reasonable 
structural cues are provided in an appropriate environment, the intrinsic 
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ability of cells to reorganize and generate new tissue is enhanced. It is our 
belief that advances in material sciences and the hfe sciences will enable 
physicians and scientists to help humankind in the future by being able to 
replace a multitude of diseased or damaged tissues. 
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Preface 



The precursors of “Tissue Engineering” in the form of replacing a part of 
the body through another part have been practised from antique times and 
led to enormous surgical advances combined with the development of artifi- 
cial materials to substitute lost body functions. 

However, only recently, the development of standardized cell culture sys- 
tems, enabhng the in vitro culture of almost any type of cells, together with 
the rapid evolution of synthetic, semi-synthetic or biological materials led to 
the perception of “Tissue Engineering” as a new field of collaborative efforts 
of many different scientific disciplines to apply the principles of biology and 
engineering to the development of functional substitutes for damaged tissue. 

While numerous groups have started to gain first insights into the close 
relationship between cells and appropriate materials the initial successful re- 
sults gave rise to the hope that in the near future the progress in material en- 
gineering and biology may lead to the replacement of lost tissue functions 
and even lost body parts leaving behind the artificial and limited supply 
problems of transplantation. This may well evolve to a major breakthrough 
in medicine. 

Starting with skin, an increasing number of groups is rapidly developing 
substitutes for most tissues which soon will enter clinical practice. 

In a workshop symposium organized by the European Tissue Repair So- 
ciety in August 1997 leading scientists in the field from engineering, basic 
sciences and medicine contributed to this book, which specially stresses the 
importance of matrix materials for tissue reconstruction and wound healing. 



Freiburg, October 1997 
The editors 



G.B. Stark 
R.E. Horch 
E. Tanczos 
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PART I 



Wound Healing 




CHAPTER 1 



Wound Healing in Surgery 

Sheng-de Ge 



Everyday living activities of humankind, either home mishaps or industrial 
acident, will cause many kinds of injury resulting in tissue damage with sys- 
temic pathophysiological changes. Fortunately, the natural protective system 
of the body can initiate a series of changes leading to tissue repair and 
wound healing. However, the pathophysiological changes following all kinds 
of injuries are implicated with chemical mediators, cytokines, and oxygen 
free radicals with starting factors initiating the cascade of changes, all of 
which make the local and systemic pathophysiological changes more com- 
plex. Therefore, local and systemic phatophysiological changes more com- 
plex. Therefore, local and systemic care are important besides natural protec- 
tive mechanisms. 

Clinical care is required for timely help to relieve pain and sorrow, to 
eliminate negative factors influencing tissue repair, and to promote active fac- 
tors accelerating wound healing. 

Wound healing is fundamental to surgery (Fig. 1.1). It is simpler to repair 
a surgically incised wound. However, major and complex wounds, either ex- 
tensive or deep, are difficult to treat. There will be tissue defect due to either 
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Fig. 1.2. 




Table 1.1. Burns - A Social „ . 

Burned Victims 

Incidence About a million burn victims each year 

Out-patients Hundreds of thousand burn victims seek 
for medical advice 

In-patients About two hundred thousand burn victims 
are hospitalized 



Table 1.2. Burn Disaster ^ , 

Social medica problem 

Network organization of medical service 



Under civil defense 
Protocol for burn disaster 
Burn team organization 
Training of medical personal 
Social cooperation 
Prevention publicity 



surgical removal or autolysis, where infection is inevitable, which makes the 
wound management more complex. 

The most complex open wound that is more difficult to treat is that of ex- 
tensive deep burns (Fig. 1.2). Therefore, most of the following problems men- 
tioned will concern burns. 

Burns are commonly seen injuries. It is a social burden (Table 1.1), parti- 
cularly in burn disasters where social medical problem needs network orga- 
nization of burn teams (Table 1.2). 



1.1 

Systemic Care 



Severe open wounds or extensive burns have a long course of clinical treat- 
ment. Besides essential local management, systemic care forms a contribut- 
ing part of clinical treatment because quite a number of complications will 
occur which could influence the clinical course and which also might cause 
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the patient’s death. Hence, systemic treatment is known to be of great impor- 
tance and to save Hves by overcoming serious systemic problems. 

Extremely old patients are immunocompromised, especially after being in- 
jured. Systemic problems that should be paid attention to are: a disorder of 
homeostasis mainly by retaining water, electrolytes, acid-based balance, mal- 
nutrition with low body weight and hypoproteinemia as well as anemia, me- 
tabolic disorders such as vitamin and zinc deficiency, diabetes mellitus and 
steroid therapy, obesity, systemic organ dysfunction including uremia and 
jaundice, hypovolemia and hypoxia, infection, and malignancy (Table 1.3). 

All of the above-mentioned systemic problems should be dealt with by 
prevention and treatment, whereby antishock fluid replacement therapy and 
anti-microbial therapy, metabolic and nutritional support, treatment of sys- 
tem organ dysfunction, etc. (Table 1.4), constitute the main care in order to 
stabilize the general condition and save lives. 

The above-mentioned traditional measures seem to be inadequate from 
the present point of view. All the underlying changes are processed by chem- 
ical mediators, cytokines, and oxygen free radicals. Therefore, a comprehen- 
sive treatment including blockades, inhibitors, and scavengers should be sub- 
stituted respectively. However, it remains a problem to use laboratory mea- 
sures in clinical practice in all circumstances. Nevertheless, Traditional Chi- 
nese Medicine seems to be a way to solve such problems, since the core of 
therapeutic purpose is, at least in part, symptomatic relief. It offers a large 
area for us to seek new therapeutic measures. 

Sterilization and isolation are important conditions for wound healing, 
particularly in surgical wounds, which heal readily by suturing. Open injury 
requires early debridement to create and ideal condition like a surgical 
wound. An open wound with a delay in performing debridement or those al- 
ready infected will be left open. Different measures were adopted to meet the 
need of different kinds of wounds. 

The main purpose of local management is to eliminate adverse factors and 
to promote positive factors. The local factors influencing wound healing are 
local blood supply, devitalized tissue, sequestrum, foreign bodies, hematoma. 



Table 1.3. Factors Influencing 
Wound Healing 



Shock 

Hypoxia 

Water, electrolyte 
acid-base imbalance 
Malnutrition 
Diabetes mellitus 
Intoxication 



Infection 
Multiple system 
organ dysfunction 
Neural diseases 
Vascular diseases 
Coagulation disorder 
Immuno-compromised 



Table 1.4. Systemic Care . . ^ , 

Resuscitation of shock 
Hypovolemic or normalvolemic 
Maintenance of homeostasis 
Prevention and control of infection 
Metabolic and nutritional support 
Prevention and treatment of complication 
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infection, mechanical factors, denervation, irradiation, surgical procedure, 
dressing, etc. 



1.2 

Local Care 

Local care is the core of treatment in open injury. It is simple in treating 
small and superficial wounds, but very complex in large and deep wound 
such as extensive burn wound care, which causes a lot of pain to the patient 
and presents a painstaking task for the medical personnel. It should be 
pointed out that systemic care, by and large, is based on local care, which 
means endless systemic problems will threaten the patient’s hfe if the open 
wound is not properly managed. 

Surgical wound is a standard wound that could be approximated in most 
of the cases for promoting wound healing as the first intention. The wound 
is left open for delayed closure or to wait for eventual coverage whenever in- 
dicated. 

An extensive deep wound is difficult to treat. Its best example is the burn 
wound. Therefore, it will be discussed in the following section. 

The development of local wound management has a very long history. 
Some traditional methods are still being used. More therapeutic measures 
have been developed. Some new experiences have shown obvious effects 
which seem to be promising. 

According to the general principle of surgery, early debridement of the 
wound is an essential measure which is a key point in the elimination of 
contamination and prevention of infection and is important in wound repair. 
However, in extensive burns, the principle which should be followed is that 
fluid therapy for resuscitation of burn shock should not be influenced by 
over-enthusiastic early arrangement of debridement. Surgical technique in 
early debridement should be so meticulous, that no further damage and no 
strong stimulus should be made to the wound surface so that shock is not 
induced or aggravated. 

Removal of devitalized tissue is important during debridement. As for 
burns, escharotomy and fasciotomy are performed as soon as possible in cir- 
cumferential burn eschar of the extremities and the thorax for releasing ten- 
sion in order to save severely burned extremities or to guarantee respiration. 

Local management is still classified into occlusive, exposure, and semiex- 
posure methods. The traditional terms have remained, but the measures ac- 
tually applied have undergone changes. Divergence in understanding and 
controversy in theoretical basis still exist in different forms of management. 
Various points of view deal with open or closed, dry or moist. The dispute 
could be solved merely by a single point - that is, life cannot exist without 
water. Keeping the local wound moist is the common basis of different forms 
of treatment and is essential in tissue repair. The occlusive method can keep 
the wound moist; the exposure method can also keep the wound moist un- 
der the crust, but at the expense of desiccation of the superficial cellular 
structure. Both have proved to be effective, which means the same goal can 
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be attained by different routes. In essence, the two different methods have 
the same connotation. 

The semiexposure method is an intermediate or transitional method be- 
tween the two methods mentioned above, having a replenishing and compro- 
mising effect. 

However, the traditional dressing method and the exposure method have 
both undergone changes. Topical agents such as creams, pastes, and electu- 
ary are often used with dressings, which is quite different from the tradi- 
tional dressing method. The purpose of using topical agents is the preven- 
tion and treatment of local infection. As for the exposure method, the topical 
agents are mainly solutions or tinctures which are used to promote crust for- 
mation. We can say that the transition form has been expanded due to the 
improvement of the traditional method. 

So far, various local management and topical treatments have been used in 
early postburn clinical management with different experiences. Most hospi- 
tals have had their own experiences with accepted effective methods. There- 
fore, we have multiple forms but one purpose. Although various kinds of 
methods have been used, the methods applied should meet the requirement 
of the ability to prevent and treat infection. 

Various effects might be obtained from the topical treatment. Local wound 
infection may lead to sepsis and even death. The topical use of silver sulfa- 
diazine has carried on for three decades, and it is still widely used in clinical 
practice. However, the therapeutic effect has obviously decreased due to its 
drug resistance. 

Sulfamylon has been accepted for its effective antibacterial effect. Its clini- 
cal use has been limited, due to its inhibitory effect on carbonic anhudrase. 
New routes have been found by preparing derivatives, and further studies 
have been requested. 

Silver salts of the second and third generation quinolones, e.g., pipemidate 
and norfloxacin, have a potent antibacterial effect. The later, which readily 
penetrates the eschar, is the most dominant in preventing and treating burn 
wound sepsis. Drug resistant tests, either the tube method or the agar well 
diffusion method, have proved silver norfloxacin to be highly sensitive to 
most pathogenic bacteria, particularly Pseudomonas aeruginosa (Table 1.5). 

Enzymatic drugs have been used topically in promoting the autolysis of 
burn eschar. So far, no obvious effect has been shown clinically. Some ex- 
perience has been gained in this aspect by using a mixture of slough-pro- 
moting and tissue-regenerating agents in Traditional Chinese Medicine. How- 
ever, infection is inevitable. Therefore, systemic antibiotics should be insti- 



Table 1 .5. Topical Antimicro- . 

bial Agents Silver sidfadiazme 

Sulfamylon 
Zinc sulfadiazine 
Silver pipemidate 
Silver norfloxacin 
Non-pathogenic baciUus subtilis 
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tuted and timely debridement and drainage should be performed along with 
autolysis of the eschar during dressing changes. 

Some empirical mixtures of Traditional Chinese Medicine, as for example, 
the mixture of antipyretic and antitoxic drugs like Rhizoma Coptidis, Cortex 
Phellodendri, and Radix Scutellariae, have been widely used as topical agents 
in the treatment of minor burns. Astringents such as Rhizoma Polygoni Cus- 
pidali are commonly used in promoting crust formation in superficial burns 
with a beneficial effect in the prevention of infection. However, its effective 
component, tannic acid, is toxic. Therefore, the most toxic drug, Galla Chi- 
nensis, should not be selected. The astringent agent is only used in burns of 
limited extent of the body surface area, mostly in minor burns, at most with 
moderate burns. 

Some of the topical agents without an antibacterial effect might induce in- 
fection due to the maceration of the wound and the contamination of patho- 
genic bacteria. Some can even cause wound sepsis and bacteremia. The po- 
tential life risk should be adequately considered. 

Development of growth factors has been successfully demonstrated in lab- 
oratory study and has come into clinical trial. Promoting effect of epitheliali- 
zation has been confirmed by the topical use of rh-EGF and rh-bFGF for 
superficial burns and deep partial-thickness burns with 2-3 days ahead of 
healing time. Topical use of rh-EGF and rh-FGF can accelerate epithelializa- 
tion and wound healing in the granulation wounds with epithelial islands 
and the residue wounds in deep burns. 

Topical use of exogenous recombinant growth factors has gained a reputa- 
tion for promoting wound healing that is superior to any that has been in- 
troduced as an agent to promote healing. It has been demonstrated that topi- 
cal treatment in burns has made progress from local wound protection and 
eliminating adverse factors in facilitating smooth healing due to the applica- 
tion of exogenous growth factors in directing or modulating wound healing. 
More and better therapeutic effects could be obtained, and the new therapeu- 
tic measure seems promising (Table 1.6). 

The permanent closure of full-thickness burns can be achieved by skin 
grafting. Since a granulation wound can be formed following autolysis of 
burn eschar, where infection is inevitable, this kind of conservative method 
is taken as a life-threatening measure, especially in extensive deep burns. 
However, the treatment of full-thickness burns by operating is beneficial in 
eliminating devitalized tissues that might form an infection bed. A surgical 
bed for skin grafting is promptly created, and wound healing is accelerated 
by instant skin grafting. Permanent closure brings about the re-establish- 



Table 1.6. Local Care 



Topical agent Wound coverage 
Growth peptides Biological dressing 
Synthetic material 
Epithelial cultured membrane or 
even cultures epithelial cell suspen- 
sion 

Composite skin 
Gene therapy 
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ment of the body surface barrier, which is of great importance in stabilizing 
the systemic condition, preventing infection, and protecting the internal or- 
gans, and is thereby beneficial in improving the therapeutic effect and the 
survival rate. 

In the late 1950 s, China gained experience in escharectomy on extensive 
deep burns over 80% TBS A. In the 1960 s, a surgical technique was devel- 
oped by grafting a large sheet of punctured allograft onto the surgical 
wound, followed by inserting miniature autografts into the punctures of the 
allograft with heahng as the first intention. This has been named the Chinese 
style of intermingle transplantation of skin allograft and autograft. In the 
1970 s escharectomy was performed in more extensive areas, up to more than 
50% TBSA in one operation, which has been enlarged to over 60% TBSA so 
far. In the 1980 s the micrografting technique of the transplantation of skin 
allograft and autograft was developed and gradually popularized in China. 
This provides epithehalization of the area of full-thickness burns over ten 
times the area of skin donor site or even more. In the 1990 s escharectomy 
and the tangential excision of extensive full- thickness burns has been per- 
formed within early postburn days, e.g., during the shock phase. Hence, an 
earlier removal of devitalized tissues and the elimination of the infection bed 
have been achieved (Table 1.7, Fig. 1.3). 

The goal of the coverage of more extensive deep burn wounds using a lim- 
ited amount of skin autograft has been realized within the recent two dec- 
ades by developing an epithelial cell culture technique. The culture of allo- 
graft keratinocyte has basically shown the elimination of antigenicity with 
prolonged take after its transplantation. Mixed transplantation, using cul- 
tured keratinocytes of allograft and autograft, needs further evaluation. Corn- 



Table 1.7. Operation Care 



Early Excision Emergency excision of infection focus Skin grafty 

Shock phase Timely and completely Skin auto-graft 

Hemodynamic monitoring Skin allo-(xeno-)graft 

Composite skin 



Fig. 1.3 
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posite skin prepared by combining the allograft dermis as a supporting me- 
dium and autograft keratinocyte is undergoing further evaluation. A techni- 
que with allograft transplantation followed by the removal of the epithelium 
after its take and the transplanting of a cultured autograft keratinocyte mem- 
brane on the dermis of the transplanted allograft has been established with a 
successful outcome. 



13 

Bum Wound Healing 

A burn caused by physical and chemical factors is characterized by its three- 
dimensional damage, closely related to burn-causing factors and the duration 
of time of the burn. Concentric zones of congestion, stasis, and coagulation 
form its pathological features. 

Wound management is mainly based on natural healing, with active mea- 
sures in promoting and modulating the healing process, resulting in the ac- 
celeration of healing. Just as for those without natural healing, our goal is to 
create a condition beneficial to promoting wound healing in order to obtain 
coverage of the more extensive deep-burn wounds. 

The therapeutic measures concerned have been applied clinically; some of 
them have been taken as routine. A certain part of it is still undergoing eval- 
uation to clarify its regularity and to search for solutions, with the rest being 
organized for more clinical trials. 

Local burn damage shows an acute inflammatory response. Physical and 
chemical factors may cause three-dimensional tissue damage due to direct in- 
jury, neural and humoral factors, and chemical mediators produced and re- 
leased from the damaged tissue, leading to chemotaxis of inflammatory cells 
which initiate and promote injury-related cellular factors. These reveal patho- 
physiological changes which influence wound healing. It is necessary to eval- 
uate the mechanism of local damage. 

Inflammatory response is induced directly by the burn injury and indirectly 
by neural and humonal factors. The production and release of chemical factors 
and complements, the chemotaxis of inflammatory cells, and cellular factors 
initiate cascades within damaged tissue. These alterations form a rapid re- 
sponse to suit the need to eliminate metabolic products and toxic substances 
and enhance the immuno competence, which are important preparatory steps 
to wound healing. Meanwhile, it is inevitable to have secondary damage in 
the pathophysiological course. Therefore, the development of wound-covering 
material and the establishment of a local protecting method with an enhance- 
ment of the immunocompetence and the elimination of damage factors form a 
main project in the research of early burn-wound management. 

There are many types of covering material which have been applied clini- 
cally, such as biological dressings - e.g., radiation porcine skin, lyophihzed glu- 
taraldehude treated porcine skin, human amniotic membrane, bovine amniotic 
membrane, and porcine peritoneum ~ and synthetic material, e.g. urethane 
film, Biobrane and Op’site artificial skin. Drugs which will be released and 
have shown a therapeutic effect have been used in preparing covering material. 
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Similar to other types of trauma, following an acute inflammatory re- 
sponse, burn wounds show cell proliferation and initiate epithelialization. 
Partial-thickness burns, particularly superficial burns, heal in the course of 
epithelialization. 

The topical agents that have been used are beneficial for wound heafing or for 
the prevention of local infection, which influences wound healing. The so-called 
promotion of wound healing is, in essence, the elimination or reducion of ad- 
verse influences. No evidence has been shown to be effective in the acceleration 
of cell proliferation and epitheliazation and promotion of wound healing. 

New measures have been developed or still underway to improve wound 
healing. 

It is obvious that petpide growth factors have shown positive effects in 
trauma. Laboratory studies in burns have demonstrated that these factors 
really show positive eifiects in cell proliferation. Active cell growth and prolif- 
eration in the cell-growth cycle of epithelial cell proliferation are shown un- 
der observation, using a cell-flow meter. Laboratory studies show that 
growth factors can really promote epithelialization and accelerate wound 
healing, and it is indicated that there is a dose-effect relationship between 
growth factors and wound healing. Clinical trials using rh-bFGF and rh-EGF 
show positive effects in the local management of burn wounds which not 
only show theoretical significance but also positive therapeutic effects (see 
Table 1.7). 

The fact that recombinant growth factors come into use indicates that 
burn-wound healing is not only modulated by endogenous growth factors 
but can also be controlled by exogenous ones. We could say that the topical 
therapy of burn wounds has progressed from a passive to an active way, 
which makes the promotion of wound healing possible. Therefore, we can 
also say that the local management of burn wounds comes into a new era. 

It is possible that this will become a routine measure in local burn man- 
agement. Moreover, it is also effective in treating chronic open wounds where 
wound healing progresses slowly. 

The possibility of gene therapy in burns is undergoing preliminary evalua- 
tion. There might be further promotion of burn-wound healing in the future. 

The proliferation of fibroblast and the formation of collagen could be fa- 
cilitated by using rh-bFGF, which shows an active effect and plays an impor- 
tant role in accelerating granulation and promoting wound healing. 

The lack of epithelial cells demands other routes for an epithelial source 
in promoting wound healing. In extensive deep burns, with a large area of 
full-thickness burns and a certain area of deep partial-thickness burns, the 
ability of natural repair is limited and an operation is very difficult, due to a 
lack of skin-donor sites. The problem which should be solved is a break- 
through to meet the coverage of extensive deep burns. The separation of a 
large sheet of skin autograft into small pieces would make an elongation of 
its rim possible. Epithelial proliferation is thus increased, thereby establish- 
ing a technique to increase the epithelial source for wound repair such as 
stamp grafts, miniature grafts, cultured epithelial cell membranes, epithelial 
cell suspension, and cultured epithelial cells. It is obvious that the more the 
graft is divided, the more area of the wound can be repaired. 
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Skin transplantation using epithelial cell suspension and cultured epithelial 
cells in not easy to succeed, which by and large depends on the condition 
and quality of the recipient bed. Generally speaking, the fresh wound created 
by escharectomy and a tangential excision has a better aseptic condition, 
while the late granulation wound has the worst. Hyaluronic acid and collagen 
have been used as a carrier in epithehal cell culture for facilitating transplan- 
tation. 

At present, composite skin is said to be an ideal material for wound re- 
pair. When the viable dermal substitute survives, the artificial epithelial sub- 
stitute is removed, and the epithelium of skin autograft, epithelial cell sus- 
pension, or cultured epithelial cell membrane is grafted for final repair. 
Sometimes a skin allograft or xenograft is transplanted. Its epithelium is re- 
moved when the graft has survived, and an epithelium of skin autograft, an 
epithelial cell suspension, or a cultured epithelial cell membrane is finally 
grafted. These above-mentioned techniques have been proven to be effective 
in clinical trials. However, further study is required to demonstrate their effi- 
cacy as a definite therapeutic measure. However, the antigenicity of the cul- 
tured miniature allograft epithelial cell has significantly decreased but has 
not been completely eliminated. Therefore, more and profound research 
should be undertaken to solve the problem of its permanent coverage. 

Gene therapy has a broad prospect in the field of clinical medicine. So far, 
it has been considered as a new direction in some projects of burn- wound 
healing. 




CHAPTER 2 



Influence of Collagen Membranes and Collagenous 
Sponge Material in the Connective Tissue Matrix 
During Wound Healing: An Immunohistochemical Study 

G.E. Romanos • S.T.K. Hotz • F. Beyer • J.R. Strub 



2.1 

Introduction 

Collagen implant materials have a wide spectrum of clinical applications in 
medicine and dentistry, especially for bleeding control after surgical proce- 
dures [1-4], but also in order to increase tissue quality during wound heal- 
ing [1, 5]. Although collagen has antigenic properties [6-9] as an implant 
material, its good biocompatibility and easy application in daily clinical prac- 
tice make it important for different surgical procedures. The capacity of col- 
lagen materials to promote fibroblast chemotaxis [10], to facilitate early con- 
nective tissue and epidermal wound healing [11], and to support periodontal 
regeneration has been investigated in recent studies [12-15]. The aim of this 
study is to present the influence of collagen implant materials in the connec- 
tive tissue matrix during wound healing in rat skin. 



2.2 

Material and Methods 

Fifteen adult Net rats (200-300 g in weight) were used in this study. The rats 
were anaesthetized intraperitoneally with Ketanest/Rompun mixture, their 
backs were shaved, and the skin disinfected with ethanol. Three midline inci- 
sions (2 cm in length) were made on the animals’ backs with a scalpel (two 
test groups, one control). Subcutaneous pockets were created with surgical 
scissors, including the muscle in each incision. Collagen membranes (Tis- 
suvlies, Immuno CmbH, Germany) 3x1.2 cm large were implanted in test 
sites 1. In test sites 2, a collagenous sponge material was used (Surgitene, Mi- 
lan, Italy). The two implant materials were on a bovine collagen basis. Test 
sites 3 were control sites without any implantation of collagenous material. 
The skin over the wound was closed using four interrupted sutures. Tatooing 
with permanent ink was used after suturing in order to find the healed tis- 
sues after the wound healing. All wounds healed per primam without evi- 
dence of infection. Sutures were removed after 7 days. At 4, 7, 14, 21 and 28 
days after implantation of the collagen graft materials, the animals were 
killed by a Nembutal overdosage, and the test and control sites were excised 
sharply with the surrounding tissues. One equivalent sample of dorsal skin 
was also excised as control for the normal distribution of extracellular ma- 
trix components in the normal rat skin without any wound. 

Excised wounds and normal skin samples were embedded in Tissue Tek 
O.C.T. (Lab Tek Products, Naperville, IL) and frozen immediately in liquid 
nitrogen. Frozen sections (5 pm thick) were washed in phosphate-buffered- 
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saline solution (PBS, pH 7.4). Antibodies to either collagen types I, III, IV, V, 
VI, VII and glycoprotein fibronectin (1:60) were used as first antibodies for 
the immunohistochemical staining procedure. The slices were incubated with 
the antibodies for 45 min in a wet chamber, were then washed three times 
for 10 min with PBS, and finally were layered with a dilution (1:40) of fluor- 
esceinisothiocyanate (FITC) conjugated goat-anti-rabbit IgG (Quartett, BerUn, 
Germany) for 30 min. The sHces were mounted under a coversHp in glycerin- 
PBS (9:1 vol/vol) containing p-phenylenediamine, which inhibited bleaching 
of fluorescent staining [16]. They were then viewed with a Zeiss microscope 
fitted with special filters. 

In addition, frozen sections from the test and control sites as well as from 
the normal rat skin were stained with the haematoxylin-eosin for a better 
orientation in the tissue morphology. 

Control sections: were incubated with phosphate-buffered-saline (PBS), as 
well as with normal (pre-immune) rabbit serum (1:40). 
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Results 

The wound healing was without any complications in all of the incision 
groups with or without implant material. 

Thick collagen type I fibres were localized in the connective tissue after 
the first week of healing with different orientations (test sites). After two 
weeks of healing, most of the implant materials were partially resorbed. The 
collagen type I fibres were intensively presented in the form of large and 
thick bundles, especially after the third week of healing (Fig. 1.1). Blood ves- 
sels in the surrounding connective tissue were not stained. 

In the control sites, the connective tissue showed small collagen type I fi- 
bres near the incisions after two weeks of healing and in a later stage 
showed a continuous collagen fibre formation from the epithelium into the 
deeper areas of the dermis. After four weeks of healing, the matrix was simi- 
lar in the surrounding areas far from the incisions. 



Fig. 2.1. Collagen type I dis- 
tribution in the matrix three 
weeks after the implantation 
of collagenous sponge. Thick 
fibres and bundles with dif- 
ferent orientations were 
found in the stroma around 
the implant material. Blood 
vessels and nerves were not 
stained. Original magnifica- 
tion: lOOx 
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The collagen type III fibres were localized in the connective tissue around the 
collagen implant materials (test sites) in the form of thin fibres which had dif- 
ferent orientations and gave the appearance of bundles in the mass of the implant 
material. The surrounding dermis presented the normal distribution of collagen 
type III with many isolated thin fibres in the first weeks of healing until the 
fourth week, when only a small number of such fibres could be demonstrated. 

In the control areas, the collagen type III showed a brilliant distribution 
(especially near to the epithelium) at the early compared to the later stages 
of healing. 

Collagen type IV was locahzed in the basement membranes of the epithe- 
lium, blood vessels, and nerves. Around the collagen implant materials (test 
sites), vascular components (capillaries and blood vessels) were found, espe- 
cially from the fourth day to the fourth week of healing. The connective tis- 
sue matrix in the group of collagen membranes was characteristically stained 
with an increase of blood vessels and capillaries after four weeks of healing 
(Fig. 1.2), compared to the collagen sponge material group (Fig. 1.3). The 
epithelium had migrated into the dermis in the areas of the incision, and its 
basement membrane was intensively linear stained. 



Fig. 2.2. Collagen type IV 
distribution four weeks after 
the placement of a collagen 
membrane in the connective 
tissue. Numerous blood ves- 
sels and capillaries were 
found around the collagen 
membrane. Basement mem- 
brane of the vessels as well 
as the muscles were inten- 
sively stained. Original mag- 
nification: lOOx 




Fig. 2.3. Collagen type IV 
distribution in the connec- 
tive tissue matrix four weeks 
after collagen sponge im- 
plant placement. The base- 
ment membranes of the 
blood vessels, capillaries and 
nerves were intensively 
stained especially around the 
graft material. Original mag- 
nification: 64x 
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In the control sites, a few vessel components in the matrix were present. 
Blood vessels and capillaries were found near the migrated epithelial base- 
ment membrane. The basement membrane of the epithelium, nerves as well 
as dermal glands, were also stained. 

Collagen type V fibres were localized in the first days of healing in the areas 
of the granulation tissue (test sites). During healing, the granulation tissue was 
continuously reformed, and new connective tissue was found in the dermis 
with collagen type V fibres in a fibrillar pattern of distribution. Especially 
the areas of the collagen implant material were characteristically stained with 
collagen type V antibodies (Fig. 1.4). Blood vessels and nerves were not stained. 

In the control sites, the distribution of collagen type V was normal. Short 
filament fibres were localized in the matrix. During the first days of healing, 
the staining was very intense in the areas of the granulation tissue. After 
four weeks of healing, the collagen type V fibres were short and filament, in 
different orientations, but their amount was very small (data not shown). 
The epithelium, blood vessels, capillaries, and nerves were negative. 

Collagen type VI fibres were found in the test sites in a microfibrillar pat- 
tern of distribution. The fibres were localized especially around the graft ma- 
terial. An incorporation of the collagen type VI fibres in the implant material 
(independent of the graft form) was demonstrated after three weeks of heal- 
ing (Fig. 1.5). The fibres were very short and had mostly parallel orienta- 
tions. Blood vessels and nerves as well as the epithelium were not stained. 

In the control sites, we found a fluorescent staining in the inflamed areas 
of the connective tissue matrix in the first days of healing, especially under 
the epithelium in the incision areas. Blood vessels, capillaries, and nerves as 
well as the epithelium were not stained. During healing, the normal microfi- 
brillar distribution of collagen type VI was demonstrated in the dermis. 

Collagen type VII was localized in the dermo-epidermo-junction in the 
test and control sites independent of the collagen graft placement. A linear 
fluorescent staining was found in the tissue. The connective tissue was not 
stained. The graft material, blood vessels, and nerves as well as the healed 
epithelium were negative. 



Fig. 2.4. Collagen type V dis- 
tribution four weeks after 
implantation of a collagen 
membrane in the connective 
tissue. Short filament fibres 
were localized in the matrix 
with different orientations in 
the area of the graft materi- 
al. Original magnification: 
lOOx 
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Fig. 2.5. Collagen type VI fibres localization in a microfibrillar pattern of distribution four 
weeks after implantation of a sponge material in the connective tissue. These fibres were 
especially found around the graft material and had parallel orientations. Blood vessels and 
nerves were not stained. Original magnification: 64x 



The glycoprotein fibronectin was demonstrated in a fibrillar pattern of dis- 
tribution in the connective tissue matrix in the test sites during healing. An 
intense brilliant fluorescent staining was demonstrated in the first days of 
healing under the epithelium. Graft material was negative. The granulation 
tissue was intensively stained and gave the appearance of a fibrillar distribu- 
tion. Thick fibres and bundles in different orientations were well demon- 
strated in the dermis. Blood vessels, capillaries, nerves, glands and the 
epithelium were negative. 

In the control sites, we found a fibrillar distribution in the stroma, espe- 
cially in the areas of the granulation tissue, in the first days of healing. Paral- 
lel oriented fibres and bundles in a microfibrillar pattern of distribution 
were localized near the incized epithelium. Blood vessels, nerves, and epithe- 
lium were not stained. 

Control sections: Sections which were incubated with PBS or preimmune 
(normal) rabbit serum were negative. 



2.4 

Discussion 

The present study shows the influence of collagen implant materials on the con- 
nective tissue matrix healing using immunohistochemical criteria. After the 
implaiitation of collagen materials, the connective tissue reacts independent 
of the type of the collagen graft, i.e., membrane or sponge. The biocompatibil- 
ity properties of these materials were demonstrated in this study. The matrix is 
able to be remodeled and to adapt, so as to integrate the graft collagen material. 
Formation of collagen type I fibres during healing increase the stability of the 
tissue and can be colonized later by connective tissue cells. The tissue can be 
degraded or also replaced by new collagen [17]. The attachment of new fibro- 
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blasts is increased because of the positive influence of the fibronectin [18], 
which will be exposed after the placement of collagen membranes into the con- 
nective tissue. The immunohistochemical findings presented in this study 
showed that the implantation of collagen membranes in rat skin can be asso- 
ciated with an increased angiogenetic potential, because of the new blood ves- 
sel and capillary formation, which is of great importance for connective tissue 
regeneration and accelerated wound healing process. 

In addition to these coUagen degradation characteristics, we were able to 
show that collagen implant materials form an increased number of collagen 
type V and VI fibres and bundles in the connective tissue during healing. Be- 
cause collagen type V is characteristic for its high collagenase (or other metal- 
loproteinase-associated resistance in the healthy tissues [19]), the advantages of 
the formation of this extracellular matrix should be of great chnical importance. 
The proteolytic mechanisms of the matrix in an inflammation could be con- 
trolled better after the implantation of collagen materials into the tissue. In 
comparison with the study of Hering et al. [20], who showed that collagen type 
V can be increased during healing because of the angiogenesis of the newly 
formed tissue, we were able to present an increased collagen type V formation 
only in the test sites after the implantation of collagen graft materials and not in 
all of the incisions with the normal wound healing (control sites). 

The immunohistochemical findings associated with the histomorphologi- 
cal characteristics which we previously presented [21] explain better the high 
biocompatibility of these graft materials. The angiogenetic potential as well 
as the formation of a matrix that is stable and resistant to the bacteria and 
proteolytic mechanisms should be the primary reasons for the enhanced 
connective tissue regeneration after the use of these materials. 
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Collagen Matrix Implantation for Tissue Repair 
and Wound Healing: Present and Perspectives* 

Z. Ruszczak 



Rapid healing of acute and chronic large skin defects is an important objec- 
tive for surgeons, dermatologists, and all healthcare providers who have a ba- 
sic interest in wound healing. Wound repair involves the timed and balanced 
activity of inflammatory, vascular, connective tissue, and epitheUal cells. All 
of these components need an extracellular matrix to balance the heahng pro- 
cess. Skin wounds heal by the formation of epithelialized scars of different 
contraction ability rather than by the regeneration of a true full-thickness 
tissue. To minimize scar formation and to accelerate healing time, different 
techniques of skin substitution have been introduced in the last decades [1]. 
Autologous skin grafting in the form of split or full-thickness skin is still a 
gold standard. However, in many patients this technique may not be practic- 
able for a variety of reasons, and the wound must be allowed to heal by sec- 
ond intention. This healing may take months, and - particularly in elderly 
patients - even years. Moreover, in cases in which skin grafts are used, a new 
wound is created on the donor side. Thus, there is a necessity to eliminate a 
“new” wound to close the “old” one, and to close as many tissue defects as 
possible without the risk of large- area infection, necrosis, tissue hypertrophy, 
and contraction, as well as deformation of wound borders. The next impor- 
tant problem is to reduce or eliminate scar formation, particularly in the 
field of large-surface burns. 

Most recently developed wound healing products are in use only as tem- 
porary dressings because of their synthetic or chemical components, limited 
persistence on the wound surface, and foreign body character. 

The engineering of skin tissue and the development of a skin substitute 
has been studied from a variety of approaches. The acellular collagen-chon- 
droitin sulphate material proposed by Yanas, Burke, and co-workers repre- 
sented one of the first attempts at engineering a dermal component to substi- 
tute the volume of missing tissue [2-11]. Epidermal replacement with in vi- 
tro cultured autologous keratinocytes was first performed by Gallico and co- 
workers to closed burn wounds [12-14]. Bell and co-workers proposed a bi- 
layered model of skin using contracted collagen lattices containing living der- 
mal fibroblasts covered in a second-step procedure with in vitro recon- 
structed epidermal sheets [15-20]. 
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Cuono and co-workers developed a two-step procedure using composite 
autologous-allogeneic skin replacement (de-epidermized skin allografts for 
dermis substitution and autologous, in vitro reconstructed epidermis for sur- 
face covering) in burns [21-22]. O’Connor, Compton, and co-workers, as well 
as Hefton and co-workers, preferred the use of both autologous and allo- 
geneic, in vitro reconstructed epidermal grafts for large surface wounds [23- 
27]. All these methods are based on the basic work of Rheinwald and Green, 
who offered a possibility for serial cultivation of human dermal keratino- 
cytes in vitro [28]. 

However, it was recognized early that any successful artificial skin or skin- 
like material must replace all of the functions of skin and therefore consist of 
a dermal portion and an epidermal portion. 

It was clinically apparent that a deep burn or other deep and/or large-surface 
wounds could not be completely closed promptly after injury by using the pa- 
tient’s available autograft donor sites. Moreover, in certain clinical situations 
(for example, the elderly and the young), the donor sites themselves (if taken 
at standard thickness) create new wounds that often take a long time to heal 
and create additional metabolic stress, infection risk, and scarring. 

Currently available wound covers faU into two categories: permanent cov- 
erings, such as autograft, and temporary coverings, such as allograft (in- 
cluding de-epidermized cadaver skin and in vitro reconstructed epidermal 
sheets), xenograft (i.e., conserved pigskin), and synthetic dressings. Conven- 
tional autograft (epidermis and a significant amount of dermis) obtained 
from normal skin areas is considered the optimum wound cover in that its 
viability yields immediate take (incorporation into the wound bed) and resis- 
tance to wound infection. Autograft is also advantageous in that it is a per- 
manent wound cover. However, harvesting of autograft creates a second 
wound in the normal healthy tissue, a donor wound. This open wound in- 
creases the risk of infection and fluid/electrolyte imbalance. Repeated con- 
ventional harvests of autograft from a donor wound site can result in con- 
tour defects or scarring. Optimizing the healing of both “main” and donor 
wounds becomes a later goal of patient management. 

One of the ideas for solving the problem of closing large-surface and deep 
wounds was an original method of Burke and Yannas’ artificial skin [2-11], 
now called Integra™ Artificial Skin and commercialized [29]. Burke and 
Yannas artificial skin is a bilayer membrane composed of a dermal portion 
that consists of a porous lattice of fibers of a cross-linked bovine collagen 
and glycosaminoglycan (GAG) composite and an epidermal layer of synthetic 
polysiloxane polymer (silicone). The GAG that is used is chondroitin-6-sul- 
fate; the degradation rate of the collagen- GAG sponge is controlled by glutar- 
aldehyde-induced cross-links. The coUagen-GAG dermal layer functions as a 
biodegradable template that induces organized regeneration of dermal tissue 
(neodermis) by the body and the infiltration of fibroblasts, macrophages, 
lymphocytes, and endothelial cells that form a neovascular network. As heal- 
ing progresses, native collagen is deposited by the fibroblasts, and the col- 
lagen portion of artificial skin is biodegraded over approximately 30 days. 

Serial biopsies, ranging from 7 days to 2 years after the application of the 
artificial skin, were obtained from patients participating in the multicenter 
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clinical trial. Histology demonstrated that an intact dermis was achieved 
with regrowth of apparently normal reticular and papillary dermis. No scar 
formation appeared in the biopsies of patients examined [29]. 

The superficial silicone layer of Integra^^ Artificial Skin is imbedded with 
monofilament nylon sutures to easily distinguish it from the collagen dermal 
layer. This pseudo epidermal layer must be eventually removed by the sur- 
geon and is usually replaced by thin epidermal autografts. 

At present, Integra^^ Artificial Skin is indicated only for the postexci- 
sional treatment of life-threatening full-thickness or deep partial-thickness 
thermal injury where sufficient autograft is not available at the time of exci- 
sion or not desirable due to the physiological condition of the patient. 

The second commercially available skin equivalent based on xenogenic 
collagen is Organogenesis’ lead product, Apligraft™ [30]. It is a commercia- 
lized form of “living skin equivalent,” an original idea proposed by Bell and 
co-workers [15-20]. This product, earlier also known as Graftskin™ [31], is 
made by separating out the cells (keratinocytes and fibroblast) from nor- 
mally-discarded infant human foreskin. The lower layer (“dermis”) consists 
of a collagen matrix formed by purified bovine type I collagen mixed with a 
suspension of dermal fibroblasts when the collagen matrix is believed to be 
condensed. This reduction of the volume of collagen approximately 30-fold 
within days and the formation of dense collagen lattices serve later as the 
dermal component. In the second step, human dermal keratinocites are 
seeded on such a collagen matrix, forming an epidermis-like structure. Cur- 
rently, 3-in (ca. 76.2 mm) diameter discs and 4-by-8-in (ca. 101.6 by 203.2 
mm) sheets are produced. 

The Apligrar^ Premarket Approval Application (PMA) for use in the 
treatment of venous ulcers is currently under review at the U.S. Food and 
Drug Administration (FDA). In the venous ulcer trial submitted as part of 
the PMA, Apligraf^^ was shown to heal more patients and to heal them in 
less time than the control treatment [30]. 

In 1992 Calonge and Ruszczak proposed an alternative treatment for the 
therapy of superficial and deep wounds and for tissue substitution in the 
form of a “composite graft” [32]. This method is a two-step procedure based 
on xenogenous collagen implantation for dermis substitution and recon- 
structed keratinozyte allografts for surface covering. 

Native collagen and native collagen-containing products have been proposed 
for covering superficial wounds or as hemostatics in visceral surgery. The prac- 
tical use of soluble collagen for wound healing is limited due to problems with 
storage stability and the time required to prepare enriched collagen solutions. 
Collagen vlieses are not suitable for these purposes because of their high com- 
pression after application onto the wound surface and their lack of transpar- 
ency. This last phenomenon is of great importance because of the possibility 
of permanent visual control of the wound during each healing phase. 

The objective of the work of Calonge and Ruszczak was to develop a trans- 
parent collagen membrane that is ready-to-use, mechanically stable, in vivo 
non-contractible, primarily free of any non-biologic and synthetic compo- 
nents, nonpyrogenic, biologically and immunologically neutral, and long-term 
preservable which could be used both as wound dressing and as a graft (im- 
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plant) for covering and healing chronic, acute, and surgical superficial, partial- 
or full-thickness wounds in humans. 

The transparent collagen membrane described here is composed of 4.0 
mg/cm^ type-I bovine Achilles’ tendon collagen. This membrane, originally 
produced by INNOCOLL Co., (Collatamp Fascie™, INNOCOLL Co., Ger- 
many) is now also known as TissueFascie™ (IMMUNO Co., Heidelberg, Ger- 
many). Currently, the membrane can be purchased as sheets of 
90.0x90.0 mm, 90.0x45.0 mm, 45.0x45.0 mm, and 36.0x18.0 mm. 

In order to consider the biologic behaviour of this xenogenous collagen 
membrane, we performed a series of in vitro experiments using human epi- 
dermal keratinocytes, human dermal fibroblasts, and human dermal micro- 
vascular endothelial cells before the product was accepted for clinical applica- 
tions. All cells were obtained from healthy donors and prepared according to 
methods described previously in the literature. No morphological, biochem- 
ical, or immunological alterations of human cells were observed after short- 
and long-term in vitro cultivation on the membrane surface [32]. 

The collagen membrane (TissueFascie™) has the following clinical proper- 
ties: It (a) is hemostatic and possesses good adherence to any wound bed (in- 
cluding cartilage and bone surfaces), fully covering the wound surface without 
any dead spaces; (b) adheres immediately to the wound borders; (c) covers the 
whole wound area and protects it against infectious agents and against the loss 
of water and tissue fluids; (d) covers the wound area, reducing or eliminating 
pain; (e) does not have any specific inflammation-stimulatory agents, and espe- 
cially does not produce any foreign body reaction, granuloma formation, or 
acute or chronic immunological rejection; (f) serves as a natural matrix for 
host granulation tissue formation, coordinate fibroblasts proliferation, and an- 
giogenesis with early tubular formation and capillary development; (g) serves 
as a natural surface promoting host epithelial cells proliferation, re-epitheliza- 
tion, and development of basal membrane structures and a stable connection 
between the new, developed connective tissue and the new, proliferated epider- 
mis; (h) promotes a normal epidermal differentiation and enhances the ma- 
turation of epidermis which covers the healing wound (natural collagen ma- 
trix); (i) due to (a)-(g), protects against the contracture of wound borders 
and against typical scar formation; (j) is fully transparent and allows excellent 
clinical observation of the wound area and of the healing process. 

The xenogenous product is free of bacterial and viral agents, especially BSE. 
According to the “Protocol of the safety of medical products achieved from an- 
imal components” (National Health Authority, BGA, Germany, Feb. 16, 1994; 
published Feb. 26, 1994), it may be used in humans without any limitations. 
The Collatamp Fascie^^/TissueFascie^^ obtained medical approval from the 
German National Health Authority and has recently obtained a CE-Certification. 

The concept developed by Calonge and Ruszczak (a composite graft, pub- 
lished also under the term “component skin equivalent” [33]) is based on a 
two-staged transplantation procedure: 

(1) a xenogenic dermis equivalent (see above), which is placed upon the sur- 
face of the wound. The collagen sheet adheres promptly and adapts itself 
to the wound, closing its dead spaces. 
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(2) a temporary epidermis equivalent, an in-vitro reconstructed keratinocyte 
allograft obtained from healthy donors by modified serum free cell-culture 
method. Beginning on day 4 after collagen implantation, keratinocyte allo- 
grafts were transplanted every seven days until heahng. The in vitro recon- 
structed basal keratinocyte derived from epidermis monolayers serves pre- 
dominantly as a donor for natural growth factors and cytokines. 

Using this new procedure, there was successful treatment of patients with 
chronic, non-healing leg ulcers derived from venous insufficiency, with deep 
tissue defects after surgery of skin tumors or radioderm ulcers, and of pa- 
tients with deep posttraumatic tissue-tendon defects [33-35]. 

The xenogenous collagen used as a permanent implant did not show any 
inflammatory reactions or immunologic rejection. The take of collagen im- 
plants and tissue remodelling was complete and quick, allowing them to be 
combined even with an immediate use of autologous thin spUt-skin grafting 
as well as with full-skin grafting in some of the treated patients. 

The implanted collagen sheet enhanced the initial adhesion of keratino- 
cyte allotransplants, supporting biological activity of the cells serving as a 
natural donor for cytokines and growth factors. The morphometric calcu- 
lated mean healing ratio was 1.03-1.8 cm^/day, much higher than the ratio 
found in literature [12]. 

Immunohistochmical studies using a panel of 23 monoclonal antibodies 
for connective tissue components, lymphocytes, intercellular and basal mem- 
brane proteins, adhesion molecules and keratins showed an initial incorpora- 
tion of xenogenous collagen, followed by its progressive remodelling and re- 
placement by host connective tissue resembling normal dermis. No acute re- 
jection, scars, or foreign body reaction was observed. A fully developed basal 
membrane zone of reconstructed, normal stratified and keratinized autolo- 
gous epidermis was observed as early as 14-21 days after collagen implanta- 
tion [32-34]. The reconstructed skin showed good long-term functional and 
cosmetic results in a follow-up period of more than three years. 

In some recently treated outpatients, allogenic keratinocytes, which were 
originally used as a donor for cytokines and growth factors, were replaced 
by patients’ full blood used for rehydration of the collagen membrane direct- 
ly before application to the wound surface [Ruszczak, unpublished data]. 

An interesting alternative offers, for example, freshly purified autologous 
blood-derived growth factors [Ruszczak, unpublished data]. FissueFascie™ 
may also serve as an in loco donor for recombinant cytokines and growth 
factors or, if necessary, antibiotics or other medicaments. 

Conclusion 

It is well accepted now that a quick dermis replacement plays the most im- 
portant role in the successful treatment of large and deep tissue defects. 
However, skin equivalent techniques which have been proposed in the last 20 
years were usually complicated in handling, had mostly bad cosmetic results, 
and were very expensive. Recently, collagen from different donors, mostly al- 
logenic and xenogenic, have been used in powder, liquid, sponge, or fibrous 
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form in external application to the surgical wounds or burns. The primary 
advantage of collagen is a hemostatic effect and the formation of a substrate 
for the cell growth matrix to promote heahng. In other applications, collagen 
has been used as a solution or sponge enriched with biologically active mate- 
rials such as antibiotics, mostly for tooth implants, cartilage implants and re- 
modelling, and tendon repair. Most collagen applications are still based on 
liquid collagen products which, at in vivo temperature, aggregate and form 
fibers and semisolid gels. 

The transparent collagen membrane (TissueFascie™) described here may 
serve as a permanent dermis equivalent or as a dressing for superficial 
wounds including mesh-graft donor sites [36], dressing and/or dermis substi- 
tute in the form of permanent implants for burn wounds, dressing and/or 
dermis substitute in the form of implants for chronic superficial and deep 
wounds such as leg ulcers, as well as surgical wounds of different thicknesses 
(including full-thicknesses and large-surface excisions) in the form of mono- 
layer and/or multilayer implants. 

In comparison to the “dermal component” of Integra™ Artificial Skin and 
ApligraF^, TissueFascie^^ contains only a native, highly purified bovine 
Achilles tendon type-I collagen without additional stabilization by formalde- 
hyde cross-linking. Moreoyer, no additional chemicals such as chondroitine sul- 
phate is used. This results in relatively quick remodelling into a host neodermis 
(ca. 14-20 days in the case of TissueFascie^^ versus ca. 30 days for Integra™) 
without any side effects. Because of its transparency and thinness after rehydra- 
tion (ca. 1.8 mm), TissueFascie™ may be used either as a single layer or as a 
multilayer and may be applied on all types of wound surfaces such as superficial 
skin wounds (including split-skin donor, sites), mucous membranes, deep 
wounds, and surface covering and tissue substitution in visceral surgery. 

The use of TissueFascie™ can be extended to the immediate covering of 
both freshly-excised and granulated wounds with larger surfaces such as 
burns, and after initial dermis reconstruction it can be combined with extra- 
thin skin autografts, if necessary. It is not necessary to use sutures for the fixa- 
tion of the membrane onto the wound surface, because of a hemostatic effect 
and self-adhering after fibrin deposition on the collagen surface. Moreover, Tis- 
sueFascie™ may be combined with a fibrin glue (i.e., Tissuecol®, IMMUNO 
Co., Germany) for better fixation in anatomically difficult localizations. 

The greatest advantage of collagen membranes is the possibility of using 
collagen implants in combination with both patient-derived and recombinant 
growth factors, cytokines, and other stimulatory agents to speed up the gran- 
ulation tissue and scar-free neodermis formation as well as the re-epitheliza- 
tion. New clinical trials are currently under way. 
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4.1 

Introduction 



4.1.1 

Historical considerations 

Even in 1909 Bergel [3] recognized the value of fibrin as a scaffold structure 
for tissue regeneration. At about the same time Grey [25] and Harvey [26] 
described independently from one another the use of fibrin tampons to ac- 
celerate local hemostasis. Harvey studied the resorption of fibrin and discov- 
ered that xenogenous fibrin produces a foreign body reaction [26]. During 
the Second World War Cohn and colleagues [11] developed plasma fractiona- 
tion through ethanol in the U.S.A. Seegers [47] isolated prothrombin and 
formed thrombin from it. These work groups were forerunners for the broad 
application of clotting factors in medicine. In 1943 Michael and Abbott [37] 
used the plasma derivatives fibrinogen and thrombin in plastic and neuro- 
surgery. Cronkite et al. [12] used resorbable wound dressings on a basis of 
oxidised cellulose together with human fibrinogen and human thrombin for 
local hemostasis on soldiers during the Second World War. The renaissance 
of fibrin gluing is based on fundamental work done by Matras et al. [36] in 
joining severed nerves using fibrin, as well as by Spangler [48] in applying 
fibrinogen and thrombin for topical hemostasis. 



4.1.2 

Current value 

Nowadays fibrin gluing is applied in almost all areas of operative medicine, 
and the diversity of literature appearing under this key-word can hardly be 
viewed in a general survey any more. The fibrin glue technique in combina- 
tion with hemostyptic collagen has prevailed in the treatment of bleeding of 
injured tissue in the area of parenchymatous organs. The structure and phy- 
siological function of extracellular matrix protein collagen have been exten- 
sively elucidated. The preparation of collagen on a large technical scale with 
indispensible pharmaceutical purity including sterilisation has been solved. 
Collagen preparations in the form of sponges, powder or injectible prepara- 
tions have proved their worth for hemostasis as well as for tissue regenera- 
tion [50]. A virus infection after application of the human fibrin glue compo- 
nents fibrinogen and thrombin is extremely improbable at the present time 
due to strictly controlled production procedures and improved processes for 
virus inactivation [30]. 
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4.13 

Autologous approaches to tissue glueing 

Nevertheless, potential infection risks and cost considerations have led to the 
development of autologous glue systems, especially in the U.S.A [7, 18, 23, 
43]. These systems consist of autologous fibrinogen as described by Dresdale 
[16], which is brought to coagulation with bovine thrombin. In addition, the 
production of an autologous glue made from platelet-rich plasma has been 
described by Oz [42] and also Tawes and colleagues [52]. For this, blood 
from an auto-transfusion or blood freshly drawn by venepuncture is sepa- 
rated through a cell saver system into platelet-rich plasma containing buffy 
coat (PRP) and erythrocyte concentrate. According to the authors, through 
the addition of (bovine) thrombin the PRP can be applied as fibrin glue at a 
favorable price. Case reports cite successful application in the sealing of dura 
fistulas, as a hemostyptic in implanting endoprostheses and in the sealing of 
vascular prostheses. 



4.2 

Aim of the study 

The aim of the present study was to examine fibrin sealant and collagen pre- 
parations approved in Germany and also the so-called autologous fibrin 
glues obtained through autotransfusion systems. This encompasses especially 
the biological function and protein-chemical composition, evaluation of the 
sterilisation procedures used, and also a review of the results in considera- 
tion of the data available in literature. 



4.3 

Materials and methods 

The following commercially available fibrin adhesive preparations were ana- 
lyzed: 

- Tisseel, (Immuno GmbH, Heidelberg, Germany) 

- Tachocomp, (Nycomed GmbH, Munich, Germany) 

“ Fibrinogen, Kabi Research Preparation, Stockholm, Sweden 

Following collagen sponges were used: 

~ TissueVlies, (Immuno GmbH, Heidelberg, Munich) 

- Sulmicin Implant, (Essex GmbH, Munich, Germany) 

SDS disc gel electrophoresis was performed according to Furthmayr and 
Timpl [21]. Tensile strength of glued collagen sponges was analyzed as de- 
scribed by Stemberger et al. [51]. The results were calculated in Newton/cm^. 
Platelet-Zwhite cell rich plasma was prepared according to the description of 
the manufacturer of the cell saver device (ELMD 500, Medtronic/Denver, 
USA) [1]. Scanning electron microscopy (SEM) was carried out following 
glutaraldehyde fixation, dehydration by alcohol and sputtering with gold by 
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established techniques. Gamma irradiation of collagen, fibrinogen and 
thrombin was performed by Gammaster/Allershausen. Platelet aggregation 
was carried out using the APACT Aggregometer, Labor GmbH, Ahrensburg, 
Germany. 



4.4 

Results 



4.4.1 

Effects of irradiation on fibrinogen structure and function 

Solubility of fibrinogen in isotonic saline was unchanged and still good after 
irradiation with 25 kGray. Examinations of fibrinogen, or rather the fibrin 
prepared from it after reduction, by means of SDS disc gel electrophoresis 
showed no fragmentation of the chains. The fibrin formation of the irra- 
diated samples is delayed, and the presence of only few y-y dimers and ab- 
sence of any a polymers could be proved (Fig. 4.1). Because of this despite 
the addition of factor XIII, irradiated fibrinogen is not cross-linked. SEM pic- 
tures of irradiated fibrinogen preparations show only thin fibrin threads and 



Fig. 4.1. Disc gel electrophor- 
esis of human fibrin. Non- 
irradiated and irradiated fi- 
brinogen was incubated with 
thrombin and CaCl2 (a) or 
EDTA (b). Non-irradiated fi- 
brinogen incubated with 
thrombin and CaCl2 leads to 
cross-linked fibrin, irradia- 
tion prevents cross-linking. 
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Fig. 4.2. SEM picture (6000x) 
of non-irradiated fibrinogen 
(Tisseel) following thrombin 
incubation: Regular fibrin 
threads are visible 
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Fig. 4.3. SEM picture (6000x) 
of irradiated fibrinogen 
(Tachocomp, fibrin sealant) 
following thrombin incuba- 
tion: Irregular, friable fibrin 
threads are visible 




Fig. 4.4. Collagen-induced 
platelet aggregation of irra- 
diated and non-irradiated 
collagen sponges. 
tcoU, test collagen; nst, non- 
sterilised collagen; ETO, 
ethylene-oxide sterilised; 

15 kGy, 15 kGy-gamma-irra- 
diated; 25 kGy, 25 kGy-gam- 
ma-irradiated 
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an irregularly formed fibrin network in comparison to non-irradiated fibri- 
nogen with regular fibrin threads (Figs. 4.2 and 3). 



4.4.2 

Effects of irradiation in collagen structure and function 

The individual collagen fibers in the sponges prepared from reconstituted 
collagen materials can be recognized easily through the scanning electron 
microsope by high magnification. Irradiated materials do not differ from the 
untreated starting material. Irradiation changes the ability of collagen to in- 
duce the aggregation of platelets, however. By a dosage of 25 kGray, which is 
recommended for catgut suture materials, for example, thrombocyte aggrega- 
tion can no longer be proven. By a lower dosage of 15 kGray, this character- 
istic remains preserved, and there are no differences from the starting mate- 
rial nor from the collagen sponge sterilised by ethylene oxide (Fig. 4.4). 
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4.43 

So-called autologous glue based on PRP 

The autologous sealant obtained through the autotransfusion systems used 
(Qcell saverl systems) consists of plasma rich in thrombocytes and leuko- 
cytes. The fibrinogen concentration in this PRP corresponds to that of the 
starting plasma; an enrichment is not attained through this procedure (Table 
4.1). It is impossible to enrich fibrinogen by the centrifugation procedure of 
cell saver systems. The corresponding SEM pictures following incubation 
with thrombin hardly show any fibrin fibers; only aggregated thrombocytes 
and various cell populations are recognizable (Fig. 4.5). In comparison to fi- 
brin glue only little strength is attained (Table 4.1). 



4.5 

Discussion 

For the investigations presented, commercially available fibrinogen, thrombin 
and collagen preparations were irradiated and examined for changes in re- 
gard to the non-irradiated materials and the radiation-sterilised fibrin glue 
and collagen preparations. The dark coloring of the glass bottles with throm- 
bin or fibrinogen following radiation already illustrates the high energy den- 
sity. From available studies with previously unpublished data it is shown that 
radiation sterilisation of thrombin leads to only little loss of activity. Fibrino- 
gen, on the other hand, suffers substantial changes: fibrin formation is de- 



Table 4.1. Biochemical characterization of a fibrin-sealant vs. a so called “autologous-fibrin- 
sealantl” on the basis of platelet/white-cell rich plasma from cell saver devices 





Fibrin Sealant 


“Autologous Sealant” 


Fg content (mg/ml) 


70-110 


1,47 


Platelet Count (100/mm^) 


0 


615 


Tensile Strength (N/cm^) 


7,42 (n = 22) 


0,76 (n = 210) 



Fig. 4.5. SEM picture (2400x) 
of plasma rich in platelets/ 
white cells from a cell saver 
device recommended as an 
autologous sealant system. 
Following thrombin incuba- 
tion only aggregated platelets 
and various cell populations 
can be seen 
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layed and cross-linking of the chains to a polymers as well as y-y dimers 
ceases. The cross-linking of the single chains of fibrin is also no longer pro- 
vable following the addition of factor XIII [20, 35, 38]. The irregularly 
formed fibrin threads which are visible in the SEM picture are a further 
proof of the detrimental effect of irradiation, as Deutsch et al. already 
pointed out in 1971 [14]. As shown by Blanchy et al. [6 ], irradiation addi- 
tionally destroys the enzymatic activity of factor XIII. In summary, it must 
be stated that the sterilisation procedures for labile drugs using ionising ra- 
diation (in order to kill bacteria capable of reproducing, as stated in the Eu- 
ropean Pharmacopeia, for example for plasma proteins) is only applicable 
following confirmation of retention of the structural and functional charac- 
teristics of the protein following irradiation. In addition, neoantigen forma- 
tion in irradiated fibrinogen, factor XIII and other proteins is still an open 
question. Validated data concerning inactivation of human-pathogenic virus 
types, such as the human immunodeficiency virus (HIV) and the various he- 
patitis virus types, for example, does not exist at the present time [54]. 

The characteristics of collagen types [32] which are interesting for medicine 
are found mainly in the enhancement of blood coagulation and a positive in- 
fluence upon tissue regeneration [50]. Aggregation of the thrombocytes is 
caused in a complex reaction on the collagen fibrils. Von Willebrand factor 
and fibrinogen function as bridge proteins between collagen and platelets as 
well as among platelets and initiate platelet adhesion and aggregation. Ionising 
irradiation or treatment with ethylene oxide are established procedures for 
sterilisation of collagen preparations. The fibrillary structures of the collagen 
remain intact in the irradiated collagen. Beginning with an irradiation of 25 
kGray, however, collagen dissolves in water like gelatine. The dosage of 15 
kGray changes neither the solubility nor the capability of aggregation induc- 
tion. Case reports inform about the application of an autologous gliie as a he- 
mostyptic for implanting endoprostheses, in cardiothoracic surgery and for 
sealing vascular prostheses. This glue, prepared by use of autotransfusion sys- 
tems, consists of a platelet concentrate with a high percentage of leukocytes. In 
this procedure cellular blood components, but not plasmatic components, are 
enriched. This product is thus better termed as Q-platelet gell. The tensile 
strength lays clearly below that of the commercially available homologous fi- 
brin glue preparations. Due to the composition and the low tensile strength 
of the glue connection, such systems cannot be recommended as a substitute 
for fibrin gluing. It should also be taken into consideration that local applica- 
tion of thrombin-activated thrombocytes and leukocytes, in connection with 
thromboplastic material enriched through the centrifugation process (as is 
the case when using autotransfusion blood), can set off the so-called Qsal- 
vaged blood syndromel [9]. Further clinical studies must demonstrate 
whether, despite the reduced glue properties of the autologous platelet gel, 
other beneficial applications can be found [46]. A positive influence on wound 
healing through platelet-derived growth factors (for example, PDGF) as well as 
on wound infection through the high local concentration of granulocytes is 
being discussed. The hemostatic characteristic of these preparations is at- 
tained especially through simultaneous application of (bovine) thrombin and 
calcium-ions. Back in 1916 Harvey reported about foreign body reactions fol- 
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lowing application of xenogenous fibrin [26]. De Decker pointed out problems 
connected with the application of bovine thrombin in opthalmology in 1968 
[13, 22, 53]. Enzmann describes an incompatibihty reaction with signs of rejec- 
tion in connection with fibrin glue following two appications of bovine throm- 
bin on a patient in 1982 [17]. Clinical observance could clearly relate the sen- 
sibilisation to the bovine thrombin. In the Germany-speaking countries along 
with the increasing application of fibrin glue (and thus also of commercial pre- 
parations containing bovine thrombin and human fibrinogen) incidence of 
antibody formation against bovine thrombin has increased [2, 31, 39]. This 
has even effects on analysis of fibrinogen concentration (according to 
Clauss) in these patients: in this analysis when bovine thrombin is added to 
patients plasma, too low fibrinogen concentrations are reported, while mea- 
surements with human thrombin show correct values. Bleeding complications 
could not be observed in these patients [19]. Meanwhile numerous reports, 
especially from the U.S.A., describe antibody formation, in connection with 
bleeding complications, following application of bovine thrombin. Antibodies 
against the human factor Va are especially responsible and apparently bovine 
thrombin preparations also contain bovine factor Va [5, 29, 31, 34, 39, 41, 49, 
55]. Antibodies formed against this factor show a cross-reaction with the pa- 
tient’s own human factor Va and can thus cause life-threatening bleeding. For 
this reason the bovine thrombin components in common fibrin glue prepara- 
tions were replaced by the human protein in the German-speaking area several 
years ago. The preparations containing bovine thrombin were withdrawn from 
the market in Germany. In the U.S.A., on the other hand, bovine thrombin con- 
tinues to be used to accelerate hemostasis, either by itself or with autologous 
cryo-precipitates. Bleeding complications arising in these patients could 
clearly be accorded to an antibody formation against the factor Va. In addi- 
tion, severe hypotension can occur following local application of bovine throm- 
bin [4] due to allergical mechanisms. The application of bovine thrombin thus 
needs a critical evaluation and should actually be used only for life-threatening 
bleeding when corresponding human preparations are not available. Recently 
there have been reports of the topical application of bovine fibrinogen with 
bovine thrombin on cardiothoracic surgical patients. Antibodies against bo- 
vine thrombin and bovine factor V have been observed, cross-reacting with 
human proteins. This study futher revealed antibodies against bovine fibrino- 
gen and no response against human fibrinogen after single application [10]. In 
a case study Ockenfels reported severe allergy (urticaria and shortness of 
breath) to bovine fibrin sponge used in dental medicine as a styptic agent 
[40]. The argumentation that application of xenogenous proteins precludes 
the risk of virus transmission, which can be connected with the dosage of hu- 
man plasma derivatives, is not valid due to existing, extensive experience with 
human inactivated plasma products. It must further be noted that plasma pro- 
tein of animal origin requires also virus inactivation. The production proce- 
dures applied in Germany at the present time, especially the regulations for 
plasmapheresis and the validated virus-inactivation procedures, demonstrate 
a high level of safety. 

Irradiation changes the biological structure and function of fibrinogen 
and, depending upon the kind of starting material, also of collagen. Just 
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what does this mean for tissue regeneration? Recent studies have shown that 
only physiologically formed fibrin fibrils are scaffold structures for tissue 
healing. By iatrogenous lack of fibrinogen, as shown by Barnstedt et al. on a 
rat model, invasion of the fibroblasts does not take place; the result is dis- 
turbed wound healing [8]. In addition to the ion concentration of the glue 
preparation and the structure of fibrin has an especialy great influence on 
the growing fibroblasts, osteoblasts and endothelial cells [24, 27, 28, 33]. In- 
tact fibrin structures in a clot are thus responsible for tissue regeneration, 
for example, reepithelisation, angiogenesis and for the healing of skin trans- 
plantations [44, 45]. In conclusion control of hemostasis and scaffold func- 
tions for initiating tissue repair with minimal risk of allergic reactions and 
induction of auto-immune processes can only be acchieved using unaltered 
human thrombin and human fibrinogen (produced using vaUdated virus in- 
activation procedures) with native collagen preparations. 
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Discussion to Part I - Wound Healing 



Properties of Different Tissue Sealants 
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According to the contribution of Stemberger “Characterization of biomater- 
ials for tissue repair”, we want to draw your attention to a study where we 
compared the biochemical properties and the influence on living cells of dif- 
ferent fibrinogen-based tissue adhesives [5]. Considering the essential role of 
fibroblast proliferation in wound healing [8], we performed tests with human 
fibroblasts. 

The natural adhesives utilized in the study were cryoprecipitate, autolo- 
gous fibrin and two fibrin sealants. One fibrin sealant containes a physiologi- 
cal salt concentration (PS) while the second has a high salt concentration 
(HS) to achieve fast reconstruction. Ferry and Morrison [2] described the in- 




Fig. 1. Fibrin network in PS coarse clot very similar to plasma clot fibrin network. Scanning 
electron micrograph (SEM) after critical point drying 
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fluence of ionic strength on clot structure in 1947. High ionic strength re- 
sults in “fine” clots and physiological ionic strength in “coarse” clots. Intrin- 
sic strength of the formed fibrin clots was tested [7]. 

Human diploid embryonal lung fibroblasts MRC5 were cultivated and 
their viability tested as described by Redl et al. [6]. Fibroblast proliferation 
was evaluated according to Mosmann either on cell layers or in cell suspen- 
sion. The effect of the two fibrin sealants on fibroblasts was assessed in 
either a Hquid or solidified state. 

The two fibrin sealant preparations studied here produce clots with signif- 
icantly different characteristics: PS clots are white (non-transparent) and of 
visco-elastic consistency (Fig. 1), whereas HS clots are almost crystalclear 
and relatively brittle (Fig. 2). 

Intrinsic tensile strength was 4 to 5 times higher (p<0.001, Student-t-test) 
in the PS coarse clots. Due to the brittle nature of the HS fine clot (Fig. 2), 
more than 50% of the specimens broke during manipulation and were there- 
fore excluded from the measurements. 

As was the case with fibrin structures, the different effects of solidified 
sealants on fibroblasts were best visualized on the cut surfaces of clots. On 
smooth PS clot surfaces, we observed a normal proliferation of fibroblasts. 
Mechanical disturbance of the clot surface greatly accelerated fibroblast pro- 
liferation, and the surface became completely covered with fibroblasts 




Fig. 2. Hardly detectable fibrin strands in a HS fine clot, conditions as in Fig. 1 
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(Fig. 3). HS clots treated in the same manner showed spheroidal deformation 
of cells, with no detectable proliferation (Fig. 4). 

The damage of cells on (nonwashed) HS clots was similar to the damage 
caused by the same sealant in liquid form, but the damaging effect occurred 
more slowly on the soUd sealant. 

In order to distinguish whether the cytotoxity of HS clots is due to soluble 
substances trapped in the clot or to the altered fibrin structure, we washed 
PS and HS clots with isotonic NaCl solution. Conductivity measurements re- 
vealed that this procedure removed more than 95% of the conductive sub- 
stances originally present in HS clots. Cells proUferated well on washed PS 
clots; washing reduced but did not eliminate cytotoxicity of HS clots [6]. 
Thus, the nearly absent structure of transparent fine clots appears to have a 
certain cytotoxic effect on fibroblasts in vitro. 

The fibrin network produced under physiological conditions (PS) serves 
as a matrix for the ingrowth of fibroblasts and the formation of collagen fi- 
bers [1, 8], thereby allowing for optimal wound healing. 

There are also other studies comparing physicochemical studies between a 
fibrin sealant developed in Japan (product B, K Institute, Japan) and TIS- 
SEEL® (Immuno, Austria) [9]. These results also show that high osmotic 
pressure (product B) damages cells or tissues. Immigration of fibroblasts in 
TISSEEL was about sixfold than in product B. 

To study the effect of fibrin glues on bone cells, osteoclasts in primary 
culture, isolated from long bones of laying hens, were brought into contact 
with 2 fibrin tissue adhesive sealant systems. TISSUCOL (FKl) and Beriplast 




Fig. 3. Rich proliferation of fibroblasts on a cut PS clot. SEM, after critical point drying, 
xlOOO 
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Fig. 4. Spheroidally deformed (damaged) fibroblasts on a HS fine clot after identical treat- 
ment as in Fig. 3 



(FK 2) [4]. Analyses of scanning electron micrograms, showed that the cells 
on the 2 substances had different morphology. The cells spread on FK 1, re- 
sorbed the material by forming lacunae. This phenomenon was not seen in 
FK 2. Resorption and subsequent substitution of biological materials are a 
proof of the good tissue-tolerance of these substrates. 

In a comparison of fibrin sealant TISSUCOL (A) and fibrin sealant Beri- 
plast (B) H.A. Henrich et al [3] showed significant differences in the size of 
necrosis of transplanted skin for burn treatment. With fibrin sealant A glued 
skin transplantates were free of necroses 2-4 days earlier. 

The mentioned studies show that the properties of different fibrin sealants 
could have a big influence on cell and tissue compatibility when used as a 
biomaterial. 

References 



1. Beck E, Duckert F, Vogel A, Ernst M (1961) The influence of fibrin Stabilizing factor on 
the growth of fibroblasts in vitro and wound healing Thromb Diath Haemorrh 6:485-491 

2. Ferry JD, Morrison PR (1947) Preparation and properties of serum and proteins. VIII. 
The conversation of human fibrinogen to fibrin under various conditions, J Amer Chem 
Soc 69:388-400 

3. Henrich HA, Baumer F, Oberschelp J, Kilian K (1988) Einflufi von drei verschiedenen Ge- 
webeklebern auf Vollhauttransplantate bei Verbrennungen, Med. Welt 39:701-706 

4. Lambrecht JT, Klinger M (1990) Resorption of fibrin tissue adhesive sealant by isolated 
osteoclasts in culture, Int. J. Oral MaxiUofac. Surg. 19:177-180 

5. Redl H, Schlag G (1986) Properties of Different Tissue Sealants with Special Emphasis on 
Fibrinogen-Bases Preparations, Fibrin Sealant in Operative Medicine Otorhinolaryngol- 
ogy - Vol. 1, Springer Verlag Berlin Heidelberg 





Properties of Different Tissue Sealants 



43 



6. Redl H, Schlag G, Dinges HP (1985) Vergleich zweier Fibrinkleber. Einflufi ionischer Zu- 
satze auf Fibrinstriiktur sowie Morphologic und Wachstum menschlicher Fibroblasten, 
Med Welt 36:769-776 

7. Redl H, Stank G, Hirschl A, Schlag G (1982) Fibrinkleber- Antibiotika-Gemische Festigkeit 
nnd Elutionsverhalten. In: Cotta H, Braun A (eds) Fibrinkleber in Orthopadie und Trau- 
matologic. Thieme, Stuttgart, pp 178-181 

8. Ross R (1968) The fibroblast and woimd repair, Biol Rev 43:51-96 

9. Sawada K, Yoshimura H, Yamamoto H, Yago H, Takeuchi S, Matsumoto K, Go K, Suehiro 
S (1994) Comparative Studies on the Physicochemical Properties of Tisseel and a Newly 
Developed Fibrin Sealant, In: Wound Healing, Berlin Springer- Verlag, p: 45-51 




PART II 



Gene Therapy and Growth Factors 




CHAPTER 5 



Genetically Modified Fibroblasts-Fibrin-Glue-Suspension 
for in vivo Drug Delivery of Epidermal Growth Factor 
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5.1 

Abstracts 

Gene transfer offers an attractive method for the localized and persistent ac- 
tive delivery of growth factors to healing wounds: Gene therapy allows the 
controlled modification of cells to secrete the continuous localized produc- 
tion of polypeptides into the surrounding tissues. The purpose of this experi- 
mental study was to demonstrate the successful transplantation of in vitro li- 
posomally transfected human fibroblasts expressing the human Epidermal 
Growth Factor (EGF) - gene, resuspended in fibrin glue, for the in vivo pro- 
duction of the growth factor EGF. Liposome transfection of the human fibro- 
blast cell line KMST-6 was performed with an human EGF-Plasmid-Con- 
struct. The most effective clones were selected and cloned. The production of 
human EGF was detected with a specific ELISA for human EGF. The biologi- 
cal effect of the secreted EGF on keratinocyte proliferation was defined in a 
cell-proliferation-assay. Full-thickness excisional wounds were created on the 
dorsum of nude mice. In the treatment group transfected and lethally irra- 
diated fibroblasts, resuspended in fibrin glue were transplanted (Group I, 
n=14). Full-thickness wounds, transplanted with untransfected fibroblasts 
(Group II, n=14) and untreated full-thickness wounds (Group III, n=14) 
served as controls. On day 1, 2, 3, 4, 5, 7 and 14 wounds of two animals 
from each group were biopsied and the biopsies then homogenized. Human 
EGF-levels in the tissue were detected with an anti-human-EGF ELISA. We 
detected 40 ng/24 h human EGF in the supernatant of 10^ transfected fibro- 
blasts in vitro. Furthermore keratinocyte proliferation was enhanced twolfold 
after treatment with conditioned supernatants from EGF- transfected fibro- 
blasts. Moreover we measured 470 pg/ml human-EGF in the wound tissue on 
day 1 in Group I, compared to the 18 pg/ml in Group II and 1,3 pg/ml in 
Group III in vivo. On days 2-7 EGF levels decreased in Group I, but were still 
significantly higher compared to Groups II and III. On day 14 no human 
EGF was detectable. In summary, human fibroblasts were successfully trans- 
fected with the human EGF gene using a liposomal genetransfer method. The 
transgene protein was biologically active and increased in vitro keratinocyte 
proliferation. After transplantation of these transfected fibroblasts resus- 
pended in fibrin glue onto full-thickness wounds, human EGF secretion was 
detectable until day 7. These data suggest the possibility to use in vitro lipo- 
fected fibroblasts for the in vivo production of therapeutic proteins for thera- 
py of chronic wounds. It may also be used as an in vivo Drug-Delivery-Sys- 
tem for other therapeutic proteins. 
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5.2 

Introduction 

It is very well known that Epidermal Growth Factor (EGF) is an important 
endogenous regulator of wound healing [1, 2]. It has been shown that the to- 
pical administration of EGF leads to accelerated healing of wounds in hu- 
mans [3-5]. However, the locally applied recombinant EGF is rapidly catabo- 
lized by enzymes [2, 3]. Furthermore, the continuous secretion of growth 
factors can be achieved by transplantation of genetically modified cells se- 
creting growth factors [6, 7]. Compared to other genetransfer methods, in vi- 
tro liposomal transfection is a safe gene transfer method [12]. Our group has 
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Transplamatiori onto full-thickness wounds 
Fig. 5.1. In vitro gene transfer for the in vivo production of EGF 
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first demonstrated clinically and experimentally that the transplantation of 
cultured human cells, resuspended in fibrin glue, is easy to perform and effi- 
cient [8-10]. Therefore, the objective of this study was to transplantat in vi- 
tro liposomally transfected fibroblasts expressing the human EGF-gene, re- 
suspended in fibrin glue, for the in vivo production of the growth factor EGF 
(Fig. 5.1). 



5.3 

Material and Methods 

The mature human EGF fragment was fused in-frame with the G-CSF signal 
sequence and placed under the control of the human CMV promoter into a 
distronic construct described by Kulmburg et al. [11, 12]. KMST-6 cells were 
lipofected, selected and cloned as described [11]. EGF secretion of trans- 
fected and untransfected KMST-6 cells was measured in the supernatants of 
10^ cells with a human EGF-specific ELISA (Quantikine, R8cD System). The 
bioactivity of secreted EGF in the supernatants of transfected fibroblasts was 
tested on primary human keratinocytes as responder cells using the XTT 
cell-proliferation-assay according to the manufacturers instructions (Boeh- 
ringer Mannheim). Athymic nude mice were purchased from Charles River 
(Sulzfeld, Germany) and housed in a specific pathogen free, temperature and 
humidity controlled environment in our animal facility. Full-thickness exci- 
sional wounds (l,5xl,5 cm) were created on the dorsum of 42 male nude 
mice using isoflurane narcotic. In group I (n=14) 9,4x10^ irradiated and 
EGF-transfected KMST-6 fibroblasts, suspended in 2,8 ml fibrin glue, were 
transplanted. Full-thickness wounds transplanted with untransfected KMST-6 
cell (Group II, n=14), and untreated full-thickness wounds (group III, n=14) 
served as controls. On days 1, 2, 3, 4, 5, 7 and 14 two mice from each group 
were scarified and the wounds were biopsied. Weight controlled wound tis- 
sue was homogenized using Triton X 100-PBS buffer, and the EGF levels in 
the supernatants analyzed by as described above. 



5.4 

Results 

After transfection of the KMST-6 cells, all neomycin resistant clones secreted 
human EGF as demonstrated by ELISA. Untransfected KMST-6 cells did not 
secrete any detectable human EGF. The best clone produced 40 ng of EGF/ 
10^ cells in 24 hours were selected for further studies. To determine the bio- 
logical activity of the secreted EGF protein in the supernatants of EGF-trans- 
fected fibroblasts, primary human keratinocytes were treated with the condi- 
tioned supernatants of EGF-transfected cells. As controls, primary human 
keratinocytes were also treated with different concentrations of recombinant 
human EGF as well as with supernatants of untransfected cells. Maximal pro- 
liferative responses were achieved with 200-2000 pg/ml recombinant human 
EGF. A similar stimulation of the keratinocytes proliferation was achieved 
using 1:50 dilution of the conditioned supernatants of EGF-transfected 
KMST-6 cells. The treatment with the supernatants from untransfected cells 
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Fig. 5.2. Keratinocyte-proliferation after treatment with conditioned supernatants from 
(XTT-Test) 



Table 5.1. In vivo wound tissue levels of delivered EGF 



Days after 
Transplantation 


EGF-Levels in wound homogenisates pg/ml 


Group I 


Group II 


Group II 


1 


470 


18 


1.3 


2 


393 


58 


1.6 


3 


330 


28 


2.3 


4 


150 


8 


6.5 


5 


180 


8.5 


8 


7 


140 


8.3 


2.6 


14 


0.4 


0 


0 



had no effect on cell proliferation. There was a twofold enhancement of kera- 
tinocytes proliferation after treatment with conditioned supernatants from 
EGF-transfected KMST-6 cells (Fig. 5.2). Biopsies from full-thickness wounds 
of Group 1, II, III were taken on day 1, 2, 3, 4, 5, 6, 7 and 14 after transplan- 
tation. The in vivo production of the chimeric FGF protein was detected in 
wound homogenisates by anti-human-FGF-FLISA. On day 1 in group I (FGF- 
transfected fibroblasts) 470 pg/ml human FGF was measured which was sig- 
nificantly higher compared to 18 pg/ml in group II (untransfected fibro- 
blasts) and 1,3 in group III (untreated full-thickness wounds). On day 2 to 7, 
FGF levels decreased in group I, but still were significantly higher than in 
group II or III. On day 14 no FGF was detectable in either group (Table 5.1). 
These data suggest that after transplantation of FGF- transfected fibroblasts in 
a cell-fibrin-glue-suspension FGF is in vivo continuous secreted in full-thick- 
ness excisional wounds. 
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5.5 

Discussion 

The use of recombinant growth factors to enhance wound heahng is limited, 
since they are rapidly catabolized by enzymes. Several studies have suggested 
that the continuous delivery of growth factors might be achieved by gene 
transfer [6, 13]. However, the use of in vitro retroviral genetransfer is labor- 
ious and has its limitations, especially regarding their clinical applicabihty. 
The simphcity of the in vivo particle-mediated genetransfer is attractive, but 
has also safety limitations, because of non-controlled integration of donor- 
DNA in host-DNA. In our study, we wished to combine the advantages of the 
well-controlled in vitro liposomal genetransfer of human fibroblasts [11, 12] 
and the simple and efficient technique of their transplantation as a cell-fi- 
brin-glue-suspension described by Stark et al. [8-10]. Firstly we have demon- 
strated, that the transplantation of in vitro genetically modified cells in fibrin 
glue is efficient and leads to a high production of the transgene protein EGF 
until day 7. After this time the irradiated fibroblasts are probably extincted 
and do not produce the chimeric protein anymore. This technique allows 
high biological safety combined with the continuous delivery of the therapeu- 
tic protein i.e. EGF, during the most important period of wound healing . 

These data demonstrate the possibility to use in vitro lipofected fibroblasts 
for the in vivo production of EGF for therapy of experimental wounds in a 
rodent model. It may also be used as an in vivo Drug-Delivery-System for 
other therapeutic proteins in the treatment of chronic wounds or integrated 
into tissue engineered composites also containing epidermal components. 
However it remains to be shown that the in vivo production of EGF by in 
vitro transfected fibroblasts is beneficial in wound healing. 

The body surface may also be preferable site to deliver other polypeptides 
due to its easy accessibility and monitoring. 

This work was in part supported by DFG-Grant Nr. AN 234/3-1 (B. R, C.A.). 
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CHAPTER 6 



Genetically Modified Fibroblasts Induce Angiogenesis 
in the Rat Epigastric Island Flap 

H.-G. Machens • J.R. Morgan • F. Berthiaume • P. Stefanovich • 
A.C. Berger 



6.1 

Introduction 

One of the domains in the field of plastic and reconstructive surgery com- 
prises the transposition or transplantation of tissue to cover defects due to 
different aetiopathological reasons. In all cases, however, sufficient blood 
supply to the tissue is mandatory to ensure complete survival of the trans- 
ported tissue and a successful operation. For hundreds of years, surgeons 
have tried to support the formation of new blood vessels (i. e., angiogenesis) 
within the transported tissue (i. e., flap) by different means. Usually the flap 
was “conditioned” by raising the flap in its wound bed and suturing it back 
into its place, thus creating a slightly ischemic situation within the flap tissue 
by surgical division of the nutrient blood vessels except for the supporting 
vascular pedicle. After 2-3 weeks, the flap had developed enough new nutri- 
ent blood vessels on its own to survive after its transfer. This angiogenetic 
process was named “delay phenomenon.” 

The superficial epigastric island flap (4x6 cm) has been extensively investi- 
gated for the earliest possible division of the vascular pedicle since its was 
first made known by Strauch and Murray [1]. Employing this flap model, 
Acland described a complete flap necrosis after division of the vascular pedi- 
cle before the 7 th day of flap elevation. All flaps survived, however, if the 
vascular pedicle was divided 3 weeks after the first operation [2]. Serafin and 
colleagues found 100% flap survival if the pedicle was not divided until the 
5 th day in a slightly smaller flap, measuring 3x6 cm [3]. Myers stated more 
than 20 years ago that except for the “delay phenomenon” there are no 
means to improve and accelerate angiogenetic processes in the flap [4]. 

Nowadays, gene technology has given completely new access to solving 
this problem by the induction of tissue angiogenesis via transfection of cells 
to produce angiogenetically active substances in the tissue. Surprisingly, 
none of the 19 papers published thus far in this field have pointed out the re- 
levance of this technique for the field of plastic and reconstructive surgery 
[5-23]. ^ 

This is the first study to employ gene technology to induce angiogenesis 
in the well estabUshed rat epigastric island flap to allow earlier surgicd divi- 
sion of its vascular pedicle. 
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6.2 

Materials and Methods 



6.2.1 

Recombinant Retrovirus 

A cDNA encoding human PDGF-A was amplified by polymerase chain reac- 
tion using primers that created a BspH 1 translational start codon and intro- 
duced a BamHl site after the translational stop codon. The polymerase 
chain reaction product was isolated after digestion with BspH 1 and BamH 1 
and reinserted into the Ncol/BamHl sites of the retroviral vector, MFG [24]. 
The fidehty of the insert was verified by DNA sequencing. To generate a 
virus-producing cell line, MFG-PDGF-A plasmid DNA was transfected into 
the \|/-CRIP packaging cell line (originally obtained from R. Mulligan, White- 
head Institute of Biomedical Research, Cambridge, MA). Clones of transfec- 
tants were isolated and screened for the one producing the highest titer. 



6.2.2 

Fibroblast Cell Culture and Viral Infection 

Autologous rat fibroblasts (female Lewis Inbreds, weight 200-225 g; Charles 
River Laboratories, Pittsfield, NH) received a preperitoneal abdominal Silas- 
tic implant (PharmElast, SF Medical Hudson, MA) to induce a foreign body 
reaction over a 5-day period. The cells were harvested and isolated using a 
mixture of 0.1% trypsine (trypsine 1-300, ICN Biochemicals/USA) and 0.1% 
D-Dextrose (w/v). Isolated cells were plated onto a 10-cm dish and grown in 
DMEM (high glucose; Gibco BRL) supplemented with 10% fetal bovine se- 
rum (HyClone, Logan, UT) and penicillin-streptomycin (100 lU/ml to 100 pg/ 
ml; Boehringer Mannheim). 

After reaching preconfluence, primary fibroblast cultures were dissociated 
and plated on a 75-cm^ flask using DMEM (high glucose; Gibco BRL) supple- 
mented with 5% fetal bovine serum (HyClone, Logan, UT), penicillin-strepto- 
mycin (100 lU/ml to 100 pg/ml), and amphotericine (5 pg/ml; both Boehrin- 
ger Mannheim). On the following day, after the cells had stably adnected to 
the flask, the medium was removed and replaced by \|/-CRIP packaging cell 
line medium containing 10^-10^ virions/ml. Twenty- four hours later the \|/- 
CRIP packaging cell line medium was removed and normal cell culturing 
medium added as before. 



6.2.3 

Tests for Successful! Viral Infection of Autologous Fibroblasts 



6.2.3.1 

PDGF-AA Time Course 

Five cultures of genetically modified (GMFB) fibroblasts were plated onto a 
10-cm dish (10^) and grown to confluence (10^ cells/dish). Fresh media was 
added (30 ml) and portions (1 ml) of the culture medium were removed over 
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a 4-day period. Samples were briefly centrifuged at ISOOOxg, and the super- 
natant was assayed for hPDGF-AA by enzyme-linked immunosorbent assay 
(ELISA; Quantikine Human PDGF-AB Immunoassay, R &: D Systems, Min- 
neapolis, MN). The assay was calibrated with rhPDGF-AA (Boehringer 
Mannheim), and the lower limit of sensitivity of the ELISA for PDGF-AA was 
determined to be 200 pg/ml. PDGF-AA production was normalized to cell 
number and a medium conditioned by unmodified fibroblasts (NMFB) was 
used as a control {n = 5 plates). The rate of protein synthesis was determined 
by averaging the daily rate of protein synthesis over a 4-day period. 



6 . 23.2 

Cell Counts of GMFB 

The autocatalytic mitogenic activity of PDGF-AA on fibroblasts was tested on 
both GMFB and NMFB. Each five cultures of both cell types were plated sep- 
arately (5x10^) in 60-mm dishes with fresh media (10 ml). Cell counts were 
performed over a 4-day period after treating the GMFB and NMFB samples 
with trypsin-EDTA and counting the cell suspension samples. 



6 . 2.4 

Operation 

In all, 180 autologous female Lewis Inbred rats (weight 200-225 g; Charles 
River Laboratories, Pittsfield, NH) were divided into three groups (1-3). An- 
esthesia was performed by an intraperitoneal injection of 0.05 mg/gm bw Ke- 
tamine (Ketanest 100 mg/ml; Fort Dodge Laboratories, lA, USA) and 
0.0013 mg/gm bw Xylazine (Rampun 20 mg/ml; Bayer, KS, USA). The sponta- 
neously breathing animals were shaved and placed on the operation table. 
Body temperature was monitored by a rectal thermometer and kept between 
36.0 and 37.0 °C using a heating pad. 

A bilateral epigastric island flap, measuring 3x6 cm, was created in each 
animal. Each flap was raised on the inferior superficial epigastric artery and 
vein, including the underlying panniculus carnosus. The superior epigastric 
blood vessels were surgically divided, leaving each flap solely pedicled as a 
true island flap. 

In all experiments, the right-sided flap was subjected to experimental 
treatment, whereas the left-sided flap served as control. During flap eleva- 
tion, group 1 received 5x10^ GMFB in 1 ml DMEM medium within the panni- 
culus carnosus. Group 2 was treated with 5x10^ NMFB in 1 ml DMEM medi- 
um within the panniculus carnosus, and group 3 received 1 ml DMEM alone. 
The left flap was used as a control in each animal by the injection of 1 ml 
NaCl 0.9% within the panniculus carnosus. 

The flaps were sutured back after treatment, and the inferior vascular 
pedicle was bilaterally ligated and divided surgically in each 10 animals dur- 
ing the following 6 days postoperatively in each group. Seven days later, the 
flaps were harvested, the amount of flap necrosis measured in each flap 
using computer-assisted picture analysis (Universal Image, Westchester, PA) 
and histologically examined. 
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Table 6.1. A time course of 
PDGF-AA secretion deter- 
mined by removing portions 
of the culture medium of 
confluent culture of modified 
(GMFB) versus non-modi- 
fied (NMFB) fibroblasts as 
indicated over a 4-day peri- 
od. The hPDGF-AA was 
measured by ELISA. All data 
are given as mean ±SD from 
« = 5 simultaneously plated 
cultures 



Time (h) 


GMFM 

(PDGF-AA ng/ml) 


NMFB 

(PDGF-AA ng/ml) 


0 


0.0± 0.0 


0.00±0.00 


12 


11.2± 2.4 


0.02±0.00 


24 


27.2±14.2^^ 


0.10±0.01 


36 


42.5±16.2^ 


0.24±0.06 


48 


61.1±17.3’^ 


0.32±0.09 


60 


84.6±26.1^ 


0.38±0.12 


72 


94.5±31.2^ 


0.48±0.16 


84 


102.4±42.1^ 


0.62±0.26 


96 


117.9±57.2^ 


0.71±0.62 



^ p<0.01. 



6.2.5 

Statistical Analysis 



Each animal served as its own control. All results are presented as meanlSD. 
Flap comparison between different postoperative days and animal groups 
was achieved by a multivariant analysis of the data. 



6.3 

Results 



6.3.1 

Genetically Modified Autologous Rat Fibroblasts Secrete PDGF-AA 

Secretion of PDGF-AA protein into the media by GMFB was measured by 
ELISA. PDGF-AA protein was continuously secreted by GMFB for up to 4 
days. Protein secretion boostered especially during the first 48 hours, prob- 
ably due to a “using up” effect of the media, which was not changed during 
the whole measuring period. Compared to the endogenous level of PDGF-AA 
secretion by NMFB, genetic modification raised hPDGF-AA secretion by up 
to 560-fold in vitro (Table 6.1). 



6.3.2 

Genetically Modified Autologous Rat Fibroblasts Show an Automitogenic Effect 

GMFB and NMFB were plated separately and counted after certain time in- 
tervals. GMFB doubled within 12 hours during the first 60 hours and low- 
ered their mitotic rate after that time-period, probably due to increasing con- 
fluence of cells. NMFB doubled at a significantly slower pace, reaching 
6.2±2.5xl0^ cells 90 hours after plating, while GMFB reached 5.8±1.7xl0^ 
cells 36 hours after plating already (Table 6.2). 
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Table 6.2. Autocatalytic mito- 
genic activity of PDGF-AA 
on both GMFB and NMFB. 
Each 5 cultures of both cell 
types were plated separately 
(5x10^) in 60-mm dishes 
with fresh media (10 ml). 
Cell counts were performed 
over a 4-day period after 
treating the GMFB and 
NMFB samples with trypsin- 
EDTA and counting the cell 
suspension samples. All data 
are given as mean±SD from 
n = 5 simultaneously plated 
cultures 



Time (h) 


GMFM 
(in 10^ cells) 


NMFB 
(in 10^ cells) 


0 


0.5±0.02 


0.5±0.01 


12 


1.3±0.3 


0.9±0.2 


24 


2.7±0.8^ 


1.2±0.5 


36 


5.8±1.7* 


1.7±1.1 


48 


9.7±2.9^* 


2.5±1.2 


60 


12.4±6.2’^’^ 


3.5±1.5 


72 


14.1±8.2** 


4.6±1.7 


84 


14.5±7.6^^ 


5.1±2.4 


96 


14.8±7.2=^=^ 


6.2±2.5 



p<0.05. 

p<0.0l. 



Table 6.3. Clinical flap survival (in % of total original flap size), comparing groups 1-3, 7 
days after ligation of the vascular pedicle. In all experiments, the inferior vascular pedicle 
was bilaterally ligated and divided surgically in each 10 animals during the following 6 days 
after flap elevation and treatment with GMFB (group 1), NMFB (group 2) or DMEM alone 
(group 3). In each group the right-sided flap was subjected to experimental treatment, 
whereas the left-sided flap served as control. All data are given as mean ±SD 



Group 


1st 

postop. 


2nd 

postop. 


3rd 

postop. 


4th 

postop. 


5th 

postop. 


6th 

postop. 


1 GMFB 


0±0 


38±22^ 


88±25^^^ 


100± 0^^ 


100± 0 


100±0 


NaCl 0.9% 


0±0 


0± 0 


0± 0 


24±27 


84±14 


100±0 


2 NMFB 


0±0 


8±15 


17±24 


41±36 


88± 9 


100±0 


NaCl 0.9% 


0±0 


0± 0 


0± 0 


26±15 


78±24 


100±0 


3 DMEM 


0±0 


0± 0 


0± 0 


21±24 


79±16 


100±0 


NaCl 0.9% 


0±0 


0± 0 


0± 0 


21±11 


85±28 


100±0 



^ p<0.05 
p<0.01. 



6.33 

Genetically Modified Autologous Rat Fibroblasts Allow Earlier Division 
of the Vascular Pedicle in the Rat Epigastric Island Flap 



In group 1, complete flap survival with GMFB occurred significantly earlier 
than in groups 2 and 3 (p<0.01). Partial flap survival in this group was regis- 
tered if the blood supply to the flap was interrupted 2 days after flap eleva- 
tion (Table 6.3). 

Histologically, fibroblasts persisted in all flaps of groups 1 and 2 without any 
major secondary inflammatory or graft-versus-host reaction. In all GMFB- 
treated flaps, massive angiogenesis could be demonstrated, as small capillaries 
had formed in the layers of panniculus carnosus, subcutis, and cutis. 



6.4 

Conclusion 



By means of retroviral gene transfer, autologous rat fibroblasts can be geneti- 
cally modified for stable expression of the PDGF-A gene to produce high 
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amounts of PDGF-AA, which is angiogenetically active. After injection into 
the panniculus carnosus, these cells induce functional angiogenesis to permit 
earlier division of the vascular pedicle in this flap model. 
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CHAPTER 7 



Stimulation of Growth and Proliferation of Human 
Cultured Keratinocytes by KGF-transfected Cells in vitro 

J. Kopp • RR Dai • R Kulmburg • E. Tanczos • C. Andree • X.Y. Jiao • 

Y. Chen • R. Horch • G. B. Stark 



7.1 

Abstract 

Keratinocyte Growth Factor (KGF), a 28 kD polypeptide induces mitosis, 
proliferation and migration of keratinocytes. The objective of this study was 
the estabhshment of two stably KGF-transfected, immortalized cell lines, Ha- 
CaT-keratinocytes and KMST-6-fibroblasts, by liposome mediated gene trans- 
fer. Transfection effectivity, gene integration and configuration of the trans- 
genic protein was investigated by ELISA, DANN-PCR and yS-Gal-staining. 
Most effective KGF producing clones were tested by a colorimetric XTT-test, 
demonstrating a significant acceleration of cell proliferation and mitosis of 
human keratinocytes in a Air Liquid Interface (ALI) test system. 



7.2 

Introduction 

Epidermal regeneration is a complex process in which residual epithelial cells 
prohferate to regenerate the intact epidermis [8, 16]. The molecular mecha- 
nisms that regulate normal epidermi regeneration are not fully understood, 
but it has been shown that peptide growth factors acting through autocrine 
or paracrine mechanisms have a significant role in stimulating wound repair 
[11, 15]. Keratinocyte Growth Factor, KGF, a member of the FGF-family, is a 
28 kD polypeptide [13] secreted by mesenchymal cells [12]. Mitogenic, pro- 
liferative and migrative effects are described for different epithelial cells. The 
most specific paracrine stimulation [6, 9] was observed on keratinocytes [1, 
14]. Beside the direct effect on epithelial cells, KGF induces various reactions 
in exposed tissues: TGF-a expression and EGF-receptor signaling are upregu- 
lated [5]. Further it was demonstrated that KGF-exposition of keratinocytes, 
in contrast to TGF-^ or EGF stimulated cells, leads to normal differentiation 
combined with an increase of cell proliferation [9]. KGF thus may influence 
proliferation more directly than EGF or TGF-/? which have been shown to ad- 
ditionally enhance expression of genes involved in keratinization. 

First clinical studies on the topical application of growth factor solutions 
to accelerate wound healing processes had controversial results due to their 
limited bioavailability in the wound environment [4]. The use of stably KGF- 
transfected, immortalized HaCaT keratinocytes [2] and KMST-6 fibroblasts 
[10] as biological “drug delivery systems” could circumvent these disadvan- 
tages by permanent production of the bioactive polypeptide to improve tis- 
sue repair. 
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Material and Methods 



Cell transfection. 10^ HaCaT keratinocytes and KMST-6 fibroblasts were incu- 
bated in the holes of 6-well-plates. Cells were transfected with KGF- or LacZ- 
plasmids mediated by LipofectAMINE (GIBCO, Germany). Successfully trans- 
fected cells were selected by G418 and cloned. Transfection effectivity was 
proved by ^-Gal staining. 



KGF-ELISA. A sandwich ELISA was created by using monoclonal and polyclo- 
nal antibodies against KGF (R&D Systems, Heidelberg, Germany) to detect 
protein concentrations of 24 hours supernatants. 



Cell culture. Skin was obtained from plastic surgical operations and prepared 
following a standardised procedure. Cells were cultured under serum free 
conditions as described before [3]. 



Transgene structure analysis. Cell lysis was performed and DNA was isolated to 
be amplified by a KGF specific primer using DANN-PCR. To analyse trans- 
gene structure electrophoresis was carried out on isolated DNA samples. 



XTT proliferation assay. To detect acceleration of cell metabolism of human cul- 
tured keratinocytes stimulated by recombinant KGF (SIGMA, Germany), 10^ 
cells were seeded into 24-well-plates and were incubated with serum free me- 
dium containing 10, 20, 60 and 120 ng/ml recombinant KGF. After this peri- 
od medium was removed and cells were fed with the tetrazoUum salt XTT 
(Boehringer Mannheim, Germany) in serum free medium without additives. 
Cell metabolism was detected by ELISA 0.5, 4 and 24 h following incubation. 



Air Liquid Interface (ALI). 10^ transfected HaCaT and KMST-6 cells were incu- 
bated in 24-well-plates. 10^ cultured human keratinocytes were seeded on 24- 
well membrane inserts (Falcon, Germany). All cells were incubated separately 
in a humid atmosphere for 24 h. After this period membrane seeded kerati- 
nocytes were inserted into the 24-well-plates with the attached transgeneic 
cells and were co-cultured for 24h (Fig. 7.1). Untransfected HaCaT and 
KMST-6 cells served as controls. After being removed, the stimulated human 
keratinocytes were fed with XTT and cell metabolism was detected 0,5 and 
1 h after incubation. 
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cells 

Fig. 7.1. Air-Liquid-/nterface (ALI) test system. Adherent transgenic cells on the bottom of 
the well plate expressing KGR A porous membrane, seeded with target cells, is inserted into 
the well. The space between bottom and insert is filled up with medium without supple- 
ments and target cells are stimulated by the expressed growth factor 



7.4 

Results 

42 KGF transfected cell clones (17^^^HaCaT and 25^^^KMST-6) were success- 
fully established. The effectivity of the transfection method was proved by a 
positive )5-Gal-stain in each transfected cell line. Long term expression of 
transgenic protein concentrations were measured from 2,1-11,8 ng/ml over 3 
months, evaluated by ELISA. All clones were tested in the ALI test system to 
detect the stimulation effectivity of the transgenic cells on cultured human 
keratinocytes. In co-culture with ^^^HaCaT clone 15 a 8-fold stimulation of 
the target cells was observed after 1 h following XTT incubation, best stimu- 
lation by ^^^KMST-6 clone 5 was 2,1 -fold. In comparison to this result, stim- 
ulation by untransfected HaCaT-cells was confirmed by a 3,4-fold accelera- 
tion of target cell metabolism. When recombinant KGF was applied on hu- 
man cultured keratinocytes acceleration of cell metabolism was achieved 
with increasing concentrations of the growth factor (3,1-fold with 120 ng/ml, 
after 24 h), but less effective than transgenic HaCaT keratinocytes. DANN- 
PCR, performed following a long culture period of 3 months, validated the 
constant genetically integration and configuration of the KGF-transgene in 
both, ^^^HaCaT and ^^^KMST-6 cells. 



7.5 

Discussion 

KGF is not physiologically expressed by keratinocytes. It has recently been 
shown that KGF produced from cells close to wounds might enhance epider- 
mal repair [13]. Rubin et al. have demonstrated [12] that keratinocytes can 
be stimulated to grow better by adding KGF to the culture media, thus it 
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seems promising to combine cells perfectly adapted for wound healing (ker- 
atinocytes) with cells producing growth factors for keratinocytes like KGF- 
producing immortalized keratinocyte and fibroblast cell lines as “drug dehv- 
ery systems”. The use of this cell lines offers several advantages: they are far 
more easy to transfect than autologous primary cells, good producing clones 
can be expanded indefinitively and can be tested intensively prior to use. 
The cells are stably transfected in comparison to in vivo transfected cells. 
The vectors used in this experiment linking the transgene cDNA to the neo- 
mycin resistance marker by a IRES (Internal Ribosomal Entry Sequence; 
[17]), a method already used in retroviruses. These vectors proved to be 
highly efficient for the production of transgenes [7], all stably transfected 
clones do produce the transgene and the production rates are 5-50 times 
higher compared to the classical vectors. Additionally the vector produces 
Herpes simplex thymidine kinase as a suicide gene, thus transfected cells can 
be killed by Ganciclovir in vivo. 

The results from the in vitro experiments are indicating that a perma- 
nently produced cytokine is much more bioeffective than a applied recombi- 
nant growth factor, due to the short half-life time of the biopeptide. The suc- 
cessful establishment of two KGF- transfected, immortalized cell lines of me- 
senchymal and epidermal origin opens new possibilities to construct “poly- 
peptide-delivery-systems” which could be of therapeutic interest in burns 
and cronic wound in the future. The stimulation of wound healing processes 
in cronic wounds could shorten time of treatment, decrease therapy costs 
and accelerate the rehabilitation of patients. 
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8.1 

Abstract 

Besides adequate matrix and cell culture technology, gene therapy may become 
the third pillar of tissue engineering. Can we use genetically modified human 
allogenic epidermal keratinocytes as a hEGF secretary tissue for wound heal- 
ing? Human epidermal keratinocyte can grow in serum-free medium and sub- 
cultured in vitro. In the present experiment, cDNA encoding the human kidney 
EGF signal peptide and EGF was inserted in-frame into pBK-CMV plasmid. 
LipofectAMINE-mediated gene transfer was used to introduce the hEGF gene 
into subcultured and spontaneously immortalized human keratinocytes. The 
result shows that transfected human keratinocytes can efficiently secrete biolo- 
gically active hEGF into the culture medium. The clone of gene transfected ker- 
atinocyte can be selected by G418 after gene transfer. The selected clone cells 
still have normal keratinocyte-like morphological shapes under microscopy 
and the ability to grow and proliferate. The results indicate that the transfected 
allogenic human keratinocytes may be used as a general vehicle for the delivery 
of gene products by means of grafting or mixed grafting with cultured autolo- 
gous keratinocytes to treat severe burns or “non-healing” wounds. 

8.2 

Introduction 

when insufficient donor sites are present, decreasing the time required for 
the healing of available donor sites permits more frequent reharvests to con- 
tinue the grafting process. Shortage of donor skin is common for severe, 
large burns which may cause the patient’s death by delayed wound healing. 
This is not only a problem of burn patients but also a problem of those pa- 
tients with non-heding wounds, e.g., those with diabetes and venous ulcers. 
Surgical skin grafting is the most effective treatment for covering burn 
wounds and for curing chronic wounds, but it still cannot be accepted in 
many cases for various reasons. Ideally, the problem should be solved by 
grafting wounds with epithelium cultured in vitro. Human keratinocytes are 
grown in hEGF containing culture media. Single cultured cells can be used to 
generate colonies which fuse and form an epithelial sheet suitable for graft- 
ing to severely burned patients [1]. Gallico and co-workers reported that cul- 
tured eipthelial autografts (CEA) were used to regenerate an epidermis on 
two patients with large burns [2]. Since then, many research groups have 
tried to improve this technique for clinical apphcation [3-7]. However, the 3- 
week delay from biopsy to autologous grafting still remains problem. 
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The use of cultured keratinocyte allografts for burn wounds offers a po- 
tentially unlimited supply of skin which could accelerate healing of both 
split-thickness donor sites and partial-thickness burn wounds. Experiences 
with the treatment of skin ulcers or partial-thickness burns suggest strongly 
that allogenic keratinocytes engraft, form epidermis, and are then replaced 
by the ingrowth of autologous keratinocytes from the host (tissue condition). 
One reason that allogenic keratinocyte grafts are beneficial for wound heal- 
ing is that keratinocyte can secret growth factors [8-9]. 

Peptide growth factors have been shown to play a key role in initiating 
and sustaining the phases of tissue repair. A potential candidate for the con- 
trol of proliferation and differentiation of epidermis was first described as 
epidermal growth factor. Human epidermal growth factor (hEGF) is a 53- 
amino-acid polypetide and is synthesized by several tissues, including the 
kidneys, lacrimal glands, submandibular glands, and megakaryocytes. It is 
found in many secretions such as saliva, tears, and urine [10-13]. 

EGF has many different biological properties. It is a potent mitogen for 
many cultured cells in vitro, and it stimulates the proliferation and differen- 
tiation of skin epidermal keratinocyte and wound healing in vivo. EGF recep- 
tor is present in normal human keratinocytes and fibroblasts. Skin wounds 
could respond to either an endogenous or exogenous application of EGF 
[14]. Keratinocyte colony growth is a combination of cell division and cell 
migration. The rate of increase of colony radius is 8-fold greater in the pres- 
ence of epidermal growth factor [15]. Topical EGF treatment significantly ac- 
celerates the rate of epidermal regeneration in partial-thickness injuries in 
pig skin. Clinical trials with EGF show that it accelerates the rate of epider- 
mal regeneration of partial- thickness surgical wounds [16]. 

EGF may also be used in the context of gene therapy, either as an in vitro 
cultured cell delivery system, or as a genetically improved graft that can lo- 
cally deliver products like growth factors and could stimulate wound healing 
and the formation of an improved quality neodermis. An hEGF expression 
plasmid was transfected to porcine partial-thickness wounds by the method 
of particle-mediated DNA transfer by Andree and co-workers [17]. After 
gene transfer, an external sealed fluid-filled wound chamber was used to pro- 
tect the wound, provide containment of the exogenous DNA and expressed 
peptide, and permit sampling of the wound fluid. Analysis of wound fluid 
for hEGF and total protein, an indicator of reformation of the epithelial bar- 
rier, showed that wounds bombarded with the hEGF plasmid exhibited a 
190-fold increase in EGF concentration and healed 20% earlier than the con- 
trols. EGF concentrations in wound fluid persisted over the entire 10-day 
monitored period, decreasing from 200 pg/ml to 25 pg/ml over the first 5 
days. Polymerase chain reaction results showed that plasmid DNA was pre- 
sent in the wound for at least 30 days [17]. Primary cultures of adult human 
keratinocytes had been lipofected with an EBV-based expression vector that 
carries a genomic insert of the gene encoding human growth hormone. The 
hGH gene is driven by an SV40 promoter and the daily secretion. The gene- 
transfected epidermal keratinocyte sheets were then grafted onto nude mice. 
Human growth hormone in nude mice serum was detected after transplanta- 
tion [18]. 
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However, neither gene transfected nor non-transfected keratinocyte allo- 
grafts can be used as a permanent coverage for full-thickness burn wound 
healing, and the hEGF may also have no effects on the large area of full- 
thickness burn wounds or deep ulcer healing. Mixed allogenic and autoge- 
nous keratinocyes can grow together well in vitro. The morphology and 
function of mixed keratinocyte grafts appear similar to keratinocyte auto- 
grafts when they are transplanted to burn wounds. It was found that the allo- 
genic keratinocytes were progressively replaced by autogenous keratinocytes 
by examining the sex chromosome of its grafts [19]. These results are the 
background for the possible utility of hEGF gene transfer to graftable allo- 
geneic keratinocytes. In the present experiment, cDNA encoding the human 
kidney EGF signal peptide and EGF was inserted in-frame into pBK-CMV 
plasmid. LipofectAMINE-mediated gene transfer was used to introduce the 
hEGF gene into cultured human keratinocytes. The gene-transfected kerati- 
nocyte can be cloned and subcultured. The transfected allogenic human ker- 
atinocytes may be a general vehicle for the delivery of gene products by 
means of grafting or mixed grafting with cultured autogenous keratinocytes 
to treat severe burns for wound healing in the future. 



8.3 

Materials and Methods 



8.3.1 

Plasmid Construction 

The single-step method of RNA isolation by acid guanidinium isothio- 
cyanate-phenol-chloroform extraction [20] was used to isolate total RNA 
from human kidney tissue. First strand cDNA was synthesized from 0.5 g 
total RNA by Superscript II Reverse Transcriptase (Gibco, BRL) Mature hu- 
man EGF and its signal peptide genes were amplified respectively, from the 
first stand cDNA by polymerase chain reaction (PGR). The former was 
amplified with PsCS’-GGGCTAGCG CCGCCACCATGCTGCTCACTCTTATC) 
and P4(5’-CGGAATTCGCTGAGAGACTAACAAAAC). The later was ampli- 
fied with Pi(5’-GGGAATTCAATAGTGACTCTGAATGTCCCC), and P2(5’-AAA 
GCTTTC AGCGCAGCTTCCACCACTTCAGGTC) . The Kozak’s sequence 

(GCCGCCACCATG) was added to the upstream of the signal peptide gene to 
increase the expression level, and a EcoRI site was created to link signal pep- 
tide to the EGF genes. The amplicons were purified with Wizard DNA Clean- 
up System (Promega), followed by restriction endonuclease digestion. 
Cleaned as above, the DNAs were cloned into pBK-CMV(Stratagene) eukar- 
yotic expression vector between Nhe I and Hind III sites. DNA sequencing 
was performed by ABI373A DNA sequencer to confirm the accuracy of the 
gene. The constructed pBK-Sig-EGF plasmid was prepared with QIAGEN 
Plasmid Midi Kit (QIAGEN) for transfection. 
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8.3.2 

Keratinocyte Culture 

Two kinds of human epidermal keratinocytes were used in the present ex- 
periments. One was subcultured keratinocyte from human foreskin which 
was cultured in serum-free mediiun (Keratinocyte-SFM, Gibco), according to 
the method described previously, with some modifications [21]. The 3-18 
passanges cells were used for gene transfer. The second kind was a sponta- 
nously immortahzed keratinocyte (HaCat). The cells were also cultured in 
the same medium. 



8.3.3 

EGF Gene Transfection 

The subcultured keratinocytes were incubated until the cells were 50-80% 
confluent. Transfection of pBK-Sig-EGF into these keratinocytes was 
mediated by LipofectAMINE(Gibco, BRL) according to the protocol supplied 
by the manufacture with some modifications. The plasmid DNA and lipo- 
some were diluted separately with keratinocyte-SFM (Gibco, BRL). For each 
transfection, 2 pg DNA was added to 100 pi serum-free medium, and 8 pg Li- 
pofectAMINE to another 100 pi serum-free medium, in polystyrene tubes. 
The two solutions of the plasmid DNA and liposomes were then mixed to- 
gether in a polystyrene tube to form complexes at room temperature for 45 
min. Cells were then washed twice with serum-free medium. The DNA-lipo- 
some complex was diluted in Keratinocyte-SFM to a final 1-ml volume and 
gently added to the monolayer keratinocytes for gene transfection. The kera- 
tinocytes were incubated in the DNA/Hposome transfection medium for 4 
hours at 37 °C in an atmosphere of 5% CO 2 . After incubation, another 2 ml 
of medium were added to the cells. All gene transfection media were chan- 
ged 24 hours later. 



8.3.4 

EGF Protein Secretion 

For the determination of EGF gene transient expression, the flasks were ex- 
tensively washed (three times) with D-PBS and the medium changed without 
EGF. The conditioned medium at 24, 48, 72, and 96 hr post gene transfer 
was collected for hEGF measurment by using a commercially available 
hEGF and antibody to the hEGF assay kit, under the conditions recom- 
mended by the manufacturer. (The lowest measurable concentration of hEGF 
with this assay is 25 pg/100 pi.) A radioactivity-hEGF concentration dose-re- 
sponse curve was generated from a series of standards with known hEGF 
concentrations. All standards and unknown samples of conditional medium 
were assayed in duphcate. Diplicate 100-pl aliquotes of culture medium from 
at least six different cultures were assayed. 
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8.3.5 

Stably Transduced Human Keratinocyte and Clonal Analysis 

For the stable expression of EGF gene, subconfluentuent cultures were trans- 
fected at 50-60% confluence. One day after gene transfection, we selected the 
gene transfected keratinocyte clone by G418 at the concentriation of 300 pg/ 
ml in keratinocyte-SFM with medium changes every two days until the clone 
could be selected and picked up. The clonal keratinocytes were trypsinized 
for subculture. The supernatant without G418 was saved for the hEGF assay. 



8.3.6 

PCR Analysis of hEGF in Transfected Human Epidermal Keratinocytes 

The existence of signal-EGF gene in transfected human epidermal keratino- 
cytes and clone cells was analyzed and conformed by PCR, with PI and P4 
as primers. Samples were analyzed by ethidum bromide staining on 1% 
agrarose gel. 



Fig. 8.1. The structure of 
pBK-SIG-EGF plasmid The 
SIG-EGF fusion gene was 
located immeadiately down- 
stream of CMV promoter. A 
neomycin resistant gene ex- 
ists and can be used for se- 
lection of stable expression 
cell clone. After insertion of 
the two cDNA into pBK- 
CMV plasmid between Nhel 
and Hindlll sites, the se- 
quence accuracy was corn- 
firmed by sequence analysis 
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Fig. 8.2. RT-PCR amplified 
signal peptide gene and ma- 
ture human EGF gene from 
human kidney tissue. Lane 
1: signal peptide gene 
(82bp); Lane 2: EGF gene 
(174bp); Lane 3: PGR Mar- 
ker 




8.3.7 

Assays for EGF Acitivity 

Proliferation-stimulation of human epidermal keratinocytes by hEGF from 
the conditional medium of transfected human epidermal keratinocytes was 
tested. Keratinocytes were incubated for 48 hours in the presence of condi- 
tional medium from transfected or non-transfected cultures of human epi- 
dermal keratinocytes. After incubation, the supernatant of cultures was re- 
moved and washed twice with D-PBS. The human epidermal keratinocyte 
growth and viability were tested by a colorimetric assay which has been de- 
veloped based on the color reaction of NAG (p-nitrophenol-N-acetyl-beta-D- 
glucosaminide). The results can be read on a scanning multiwell spectro- 
photometer and the absorbance (OD) is directly proportional to the number 
of cells. This method was used to measure keratinocyte proliferation in dif- 
ferent culture systems and to measure the growth factor and keratinocyte 
growth-promoting activity stimulations. 

84 

Result 

The pBK-SIG-EGF plasmid was constructed according to the eukaryotic ex- 
pression design suggested by the manufacturer (Fig. 8.1). The cDNA coding 
signal peptide and mature EGF were obtained by RT-PCR (Fig. 8.2). The 
SIG-EGF fusion gene was located immediately downstream of the CMV pro- 
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Fig. 8.3. j^-galactosidase ex- 
pression after pBK-CMV- 
LacZ gene transfer to human 
subcultured keratinocyte. 
Transfected cell are stained 
blue by the histochemical re- 
action of expressed ^-galac- 
tosidase on X-gal 




Fig. 8.4. Comparison of Effi- 
ciency of transfection. The 
y^-galactosidase activities ob- 
tained with different 
DNAiLipofectAMINE mix- 
ture rates were determined. 

It is showed that the most 
efficient of transfection is 1:4 




01:00 



moter. A neomycin-resistant gene exists and can be used for the selection of 
stable expression cell clone. After the insertion of the two cDNA into pBK- 
CMV plasmid between Nhel and Hindlll sites, the sequence accuracy was 
confirmed by sequence analysis. 

The optimal condition for LipofectAMlNE-mediated gene transfer was 
tested by different match rates of DNA-LipofectAMINE complexes and ob- 
tained from a series of transfer reported by LacZ gene expression. The trans- 
fected human keratinocytes in cultures were around 5% transfer rate, 
counted by jff-gal cell blue staining (Fig. 8.3). It is shown that the optimal 
DNA:LipofectAMINE ratio is 1:4 (Fig. 8.4). 

Transient expression of EGF by subcultured human keratinocytes trans- 
fected with pBK-SIG-EGF was tested by RIA. The EGF concentration im- 
creased to 1-2 ng/ml medium after 24 hours post gene transfer and declined 
after 72 hours (Fig. 8.5). 
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Fig. 8.5. EGF levels were determined at indicated time points by RIA The EGF concentration 
increased in first 24 hours. The 48-hour time point after gene transfer showed an high con- 
centration and declined after 72 hours. Note that in untransfected cells (control) the ^GF 
level is below the RIA sensitivity 




Due to the existence of neomycin resistant gene in pBK-SIG-EGF plasmid, 
the gene stably transfected keratinocytes can survive from the G418 cytotoxi- 
city. The cell clone with high-level expression of exogenous genes can be se- 
lected by G418 at the concentriation of 300 pg/ml in keratinocyte-SFM. In the 
present experiment, after gene transfer and subsequent G418 selection, cell 
clones formed in both subcultured human keratinocyte and immortalized 
keratinocyte. The selected clonal cells still have keratinocyte morphology 
(Fig. 8.6) and can be subcultured. 

To investigate whether these gene transfected keratinocyte clones can 
synthesize and secrete biologically active EGF, the proliferation-stimulating 
activity of conditional medium from EGF-gene transfected keratinocyte clone 
was tested by NAG-ELISA. The results showed that the supernatant without 
G418 from clonal cells has its biological activity on human keratinocyte prolif- 
eration in vitro (Fig. 8.7). 

After 60 days in subculture of the clones, the cells were washed with PBS and 
harvested by scraping them into 10 ml medium and collected by centrifugation. 
The existence of the exogenous SIG-EGF fusion gene was confirmed by PGR 
amplification of the gene from genomic DNA of cloned cells (Fig. 8.8). 



8.5 

Discussion 

There are several attractive reasons for considering the transplantation of 
gene transfected allogenic human keratinocyte mixed with autogenous kerati- 
nocytes for the treatment of severe burns for wound healing. One reason is 
that allogenic keratinocytes can be used as a temporary coverage for wounds 




Fig. 8.6. EGF gene transfected human keratinocyte clones. The cell clone with high level ex- 
pression of exogeneous genes can be isolated by G418 at the concentriation of 300 pg/ml in 
keratinocyte-SFM. a. human subcultured keratinocyte(5xl0); b. human subcultured kerati- 
nocyte (10x10); c. immortalized keratinocyte (5x10); d. immortalized keratinocyte (10x10) 



that may be gradually replaced by host keratinocytes. Sheets of autogenous, 
allogenic, or mixed keratinocyte cultures were grafted onto allogenic dermis 
to form three types of composite skin to cover full-thickness skin wounds, 
and their rates of survival were observed. Both the autogenous and mixed 
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Fig. 8.7. Proliferation of human subcultured keratinocyte in serum-free medium stimulated 
by several gene transfected keratinocyte clones by NAG-ELISA. NAG-ELISA motheds was 
developed based on the colour reaction of NAG(p-nitrophenol-N-acetyl-beta-D-glucosami- 
nide). The results can be read on a scanning multiwell spectrophotometer. The data of ex- 
periments show that the absorbance (OD) is directly proportional to the number of cells. 
The results showed that the clonal cells supernatant without G418, which were specially pre- 
pared for biological activity assay, have biological activity on human keratinocyte prolifera- 
tion in vitro 




Fig. 8.8. PGR analysis of gene 
transfered keratinocyte 
clone. After 60 day’s subcul- 
ture of the clones, the cells 
were washed with PBS, ha- 
vested by scriping into 10ml 
of medium and collected by 
centrifugation. The existance 
of the exogenous SIG-EGF 
fusion gene was confirmed 
by PGR amplification of the 
gene from genomic DNA of 
cloned cell using PI and P4 
as the primers 
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Fig. 8.9. Cultured keratinocyte geafting. Gene therapy and Wound healing Transfected allo- 
genic human keratinocytes may be used as a general vehicle for the delivery of gene prod- 
ucts by means of grafting or mixed grafting with cultured autologous keratinocytes to treat 
severe burns or “non-healing” wounds for healing 



keratinocyte culture took well, and no signs of rejection were observed. 
Their morphology and function appeared to be the same as normal skin. By 
examining the sex chromosome of mixed keratinocytes sheets, it was found 
that the allogenic keratinocytes were progressively replaced by autogenous 
keratinocytes [19]. The results suggest that the advantages of using mixed 
keratinocyte culture are that it took a shorter time to obtain a clinically use- 
ful cell sheet, and it takes well without obvious rejection. We believe that it 
can be used to cover large burn wounds. 

Secondly, the transfected allogenic human keratinocytes may be a general 
vehicle for the delivery of the gene products of growth factors to stimulate 
the growth and proliferation of the mixed cultured autogenous keratinocytes 
in vitro and in vivo when they are grafted onto the burn wound, or it can 
stimulate the host follicular keratinocyte growth and epithelialization and in- 
crease the availablity of autograft skin for burn wound coverage. This means 
that cultured allogenic keratinocytes may serve as vehicles for the temporary 
delivery of therapeutic gene products, and epidermis regenerated from trans- 
fected keratinocytes could function as endocrine tissue for prosective treat- 
ment of burn wound healing (Fig. 8.9). According to published papers, the 
keratinocytes are easily transfected to a high frequency, and the expression 
of the genes introduced is high. Epidermis is easily accessible, which makes 
it useful for somatic gene therapy [18]. Successful transfer and expression of 
the gene encoding human growth hormone by a retroviral vector has been 
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reported [22]. Normal and retrovirally transfected keratinocyte suspensions 
expressing either the beta-galactosidase gene or the human growth hormone 
(hGH) gene were transplanted into chamber-enclosed skin full-thickness 
wounds of Yorkshire pigs. Immunostaining of sequential skin biopsies ob- 
tained for 4 weeks after transplantation showed survival of the transplanted 
keratinocytes as well as expression of beta-galactosidase. Transfected kerati- 
nocytes were first seen in the neodermal portions of the wounds, then in the 
regenerating basal epidermal layer, and finally in the terminally differentiat- 
ing cells of the stratum spinosum. When keratinocytes transfected with the 
hGH gene were transplanted into similar wounds, hGH was detected for 10 
days in wound fluid. In contrast, hGH was detected in vitro for 47 days. 
Wounds transplanted with either transfected or normal keratinocytes re- 
stored the epithelial barrier function significantly faster than nontrans- 
planted controls. The study demonstrates the successful transplantation of 
keratinocyte suspensions, their reconstitution of the epidermis, and their ac- 
celeration of repair [23]. 

When using allogenic human epidermal keratinocytes as threapical gene 
vehicles for wound healing, can these keratinocytes be subcultured for sev- 
eral passages or even longer? There have been previous reports about human 
epidermal keratinocytes being spontaneously immortalized in vitro. One Hne 
(NM-1) originated from a culture of foreskin keratinocytes [24], and the 
other line (HaCat) from a long-term culture of adult truck skin keratino- 
cytes. The spontaneously immortalized HaCat cell exhibited epidermal mor- 
phology and differentiation such as stratification formation of cornified 
squamose in vitro and expansion of the keratins typical for cultured normal 
keratinocytes [25]. Six long-lived keratinocyte lines have been described 
which are derived from control and oncogene transfected cultures [26]. With 
the development of a human keratinocyte serum-free culture medium sys- 
tem, human epidermal keratinocytes can be easily subcultured to 6-10 pas- 
sages. In one case, human epidermal keratinocyte from skin biopsy can even 
be subcultured in keratinocyte-SFM with more than 26 passages and 140 
days survival in vitro (our unpublished data, in Freiburg). Although it is not 
yet clear whether these keratinocytes are also able to be spontaneously im- 
mortalized, the allogenic human keratinocytes can survive for a long time in 
vitro as gene vehicles. In our research, both subcultured human keratino- 
cytes and spontaneously immortalized keratinocytes were used to test EGF 
gene transfection. 

Transfer and expression of foreign DNA has been accomplished in kerati- 
nocytes using a variety of techniques. High-efficiency transfection of pri- 
mary human keratinocytes with positively charged lipopolyamine-DNA com- 
plexes were achieved. Gene transfer was accomplished by a 3 -hour exposure 
of monolayer cells to DNA complexes formed with either reagent by simple 
mixing in a serum-free medium, followed by a brief osmotic shock with gly- 
cerol. Neither DNA carrier showed any toxicity at the effective concentrations 
nor interfered with cell attachment, growth, or differentitation [27]. A poly- 
cationic lipid reagent that introduces nucleic acids into eukaryotic cells, Lipo- 
fectAMINE works well with a wide variety of cell lines. It is a 3:1 (w/w) Hpo- 
some formulation of the polycationic lipid, 2,3-dioleyloxy-N-[2(spermine- 
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carboxamido)ethyl] -N, N-dimethyl- 1 -propanaminiumtrifluoroacetate (DOS 
PA) and the neutral lipid dioleoylphosphatidyl ethanolamine (DOPE) in 
water. The two lipids form hposomes that can complex with nucleic acids. 
The lipid-nucleic acid complex, when appUed to cultured cells, fadhtates the 
uptake of the nucleic acid into the cells. In this research we also successfully 
transfer EGF gene to human keratinocyte mediated by LipofectAMINE. 

As we know, human epidermal growth factor (hEGF) is a 53-amino acid. 
It stimulates the proliferation and differentiation of skin epidermal keratino- 
cytes and wound healing in vivo. Transfection of monkey kidney cells with 
the human EGF precursor cDNA linked to SV40 early promoter that the EGF 
precursor is synthesized as a membrane-bound protein with its NH 2 -termi- 
nus external to the cell surface. The human kidney EGF precursor has a pre- 
dicted size of 1207 amino acids; cDNA is 4817bp. The cDNA includes the sig- 
nal peptide, the EGF-like repeats, EGF, and the transmembrane region. The 
human EGF precursor has two prominent hydrophobic regions: amino acids 
1-22 and 1033-1057. The former most likely represents the signal peptide, 
and the latter could anchor the precursor in the plasma membrtoe. Mature 
EGF (amino acids 971-1023) is flanked by polypeptide segments of 970 and 
184 amino acids and lies immediatedly external to the hydrophobic trans- 
membrane domain (residues 1033-1057). EGF could be released from the 
precursor by cleavage of Arg-Asn and Arg-His bound at its NH 2 and COOH 
termini, respectively, presumably by an arginine-specific peptidese [10]. In 
eukaryotic cells, the signal peptides of secretory proteins are co- translation- 
ally cleaved by a signal peptidase located on the luminal side of the rough 
endoplasmic reticulum (RER) membrane. 

In our present experiment, cDNA encoding the human kidney EGF signal 
peptide and EGF was inserted in-frame into pBK-CMV plasmid. Lipofect- 
AMINE-mediated gene transfer was used to introduce the hEGF gene into 
cultured human keratinocytes. The results show that transfected human kera- 
tinocytes efficiently secrete biologically active hEGF into the conditional me- 
dium. The rate of increase of keratinocyte migration and proliferation is 
greater in the presence of hEGF gene transfected keratinocytes. We designed 
two oligonucleodie primers according to human EGF and its signal peptide 
sequences and amplified the genes by RT-PCR. The genes were sequenced by 
an ABI 373 A DNA sequence machine. The full length of the target genes 
were cloned to eukaryotic expression pBK-plasmid, which contains neomycin 
gene. 

Human epidermal keratinocytes can be grown in serum-free medium and 
subcultured serially in vitro. Attachment and growth of human epidermal 
keratinocyte culture can be assayed by counting cells or measuring incor- 
poration of radioactive nucleotides (^H-TdR) during cell proliferation. In this 
study a rapid colorimetric assay for human epidermal keratinocyte growth 
and viability has been used to test the EGF biological activity. The method 
was developed based on the color reaction of NAG(p-nitrophenol-N-acetyl- 
beta-D-glucosaminide). The results can be read on a scanning multiwell 
spectrophotometer. The data of the experiments show that the absorbance 
(OD) is directly proportional to the number of cells. The amount of 10^-10^ 
cells per culture can be assayed by controlHng the time of colour reaction. 
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This method was used to measure keratinocyte prohferation in different cul- 
ture conditions, growth factor, and keratinocyte growth-promoting activity 
stimulations. The results were supported by counting cells, measuring ^H- 
TdR incorporation, or analyzing the area of keratinocyte confluents stained 
with rhodanile blue. The main advantages of the colorimetric assay are its 
rapidity and precision, the avoidance of any radioisotope, and its capable of 
handling large amounts of culture [28]. 

For stable EGF gene transfer, both human subcultured keratinocytes and 
spontaneously immortalized keratinocytes were used which were cultured in 
Keratinocyte-SFM. When cells were 50-60% confluent, the complex of DNA 
and LipofectAMINE was formed and added to the cells; 4 hours later, the 
normal culture medium with G418 was added. The selected medium was 
changed three times a week. The clones of keratinocytes were selected by 
G418 after EGF gene transfer. The clonal cells showed that they have its abil- 
ity of growth and proliferation. In most clones, the cells still have normal 
keratinocyte-like morphological shapes under microscopy and scanning elec- 
tron microscopy. The supernatant of some clones contain EGF protein and 
activity. The amount of clonal cells from the immortalized keratinocytes are 
now enough for grafting research experiments. We continue our research 
work on the clones, which are from subcultured keratinocytes. 

Recently we were encouraged by a report, communicated by Green, that 
normal human keratinocytes were transduced with retroviral constructs ex- 
pressing a bacterial beta-galactosidase (beta-gal) gene or a human interleu- 
kin-6 (hIL-6) cDNA under control of a long terminal repeat. The efficiency of 
gene transfer averaged approximately 50% and 95% of clonogenic keratino- 
cytes for beta-gal and hIL-6, respectively. Both genes were stably integrated 
and expressed for more than 150 generations. Clonal analysis showed that 
both holoclones and their transient amplifying progeny expressed the trans- 
gene permanently. Southern blot analysis on isolated clones showed that 
many keratinocyte stem cells integrated multiple proviral copies in their ge- 
nome and that the synthesis of the exogenous gene product in vitro was pro- 
portional to the number of proviral integrations. When cohesive epidermal 
sheets prepared from stem cells transduced with hIL-6 were grafted on athy- 
mic animals, the serum levels of hIL-6 were strictly proportional to the rate 
of secretion in vitro and therefore to the number of proviral integrations. 
The possibility of specifying the level of transgene expression and its perma- 
nence in a homogeneous clone of stem cell origin opens new perspectives in 
gene therapy [29]. 

Introducing foreign DNA into keratinocytes for therapy holds great pro- 
mise not only for clinical applications but also for basic research. The ques- 
tion of secretory capacity by keratinocytes and epidermal grafts can be in- 
vestigated by introducing genes into these cells and assaying for product 
[30-31]. Gene therapy via hEGF gene transfer to allogenic human epidermal 
keratinocyte is of interest for severe burn wounds. It is obvious that allo- 
genic keratinocytes should be an ideal vehicle for stimulating autogenous 
keratinocyte growth and proliferation in wounds. The allogenic human epi- 
dermal keratinocytes are readly obtained, cultured, gene transfected, cryopre- 
served, and even passaged. It will be possible to mix and graft them together 
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with autologous keratinocytes for wound healing of large burns. These re- 
sults demonstrate the possible utihty of hEGF gene transfer to graftable allo- 
genic keratinocytes and mix-grafting them with autologous keratinocytes to 
enhance epithelization of severe large burns or non-healing wounds for heal- 
ing. 
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Fibrin Glue as a Carrier for Cultured Human 
Keratinocytes versus Cultured Epidermal Skin Grafts 
in Athymic Mice Full-thickness Wounds 
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9.1 

Summary 

Cultured epidermal sheet autografts (CEA) have become a standard method 
to treat extensive burns and have been utilized to resurface chronic ulcers. 
However, several problems associated with the laboratory steps in processing 
such grafts, their handling, the graft take rates and the clinical outcome have 
still not been solved. To circumvent some of these disadvantages the subse- 
quent transplantation after preconditioning the wounds with allografts, the 
in vitro fabrication of composite grafts, and the evolution of new techniques 
to deliver cultured keratinocytes have been continuously developed. Fibrin 
glue, frequently used in skin grafting procedures in burn patients, may pro- 
vide an appropriate carrier to deliver cultured keratinocytes onto a wound 
bed. We were able to show clinically that transplanting cultured human kera- 
tinocytes suspended as single cells in a fibrin glue matrix (KEGS) in combi- 
nation with meshed allografts leads to stable wound closure in burn patients. 
In an athymic mouse model with reproducible, standardized, full-thickness 
wounds, this new technique was compared directly to CEA. Whereas the 
time for reepithelialization was similar in both groups, reconstitution of the 
dermo-epidermal junction zone - as shown by electron microscopy and im- 
muno-histochemistry - was significantly enhanced by the fibrin-glue suspen- 
sion technique. Therefore, it may be concluded that the new KEGS technique 
is not only available earlier than sheet grafts and simplifies the application, 
but is also able to transfer single, undifferentiated keratinocytes which are in 
the state of mitosis and active proliferation. 



9.2 

Introduction 

Due to the progress and standardization of tissue culture techniques kerati- 
nocytes from an initial small biopsy of skin approximately 2 cm^ may be 
multiplied to cover the complete surface of an adult patient within 3-4 weeks 
[1, 3]. This has led to the acceptance of cultured epidermal sheet grafts CEA 
[6] as a therapeutic tool, not only in the treatment of major burns if autolo- 
gous donor skin is not available, but also in the treatment of chronic ulcers. 
However, several drawbacks like long culture periods, highly variable rates of 
engraftment, lack of adherence, difficulty in handling the fragile grafts, 
chronic ulceration of epithelialized areas, and high costs have prevented a 
more widespread use of this technique [4-8]. 
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From the historical beginnings of skin transplantation, attempts have been 
made to transplant epidermal skin fragments. As early as 1895 [9] it was 
been shown that single epithelial cells or cell clusters in an appropriate ma- 
trix lead to the closure of wounds. These observations did not yield broader 
recognition in the time thereafter. Fibrin, naturally occuring in early stages 
of wound repair, provides a provisional matrix for epidermal cell migration 
during reepitheliaHzation [10], and it was shown that a suspension of freshly 
dissociated but not cultivated keratinocytes in a fibrin glue matrix leads to 
reepitheliaHzation of chronic wounds, whereas in control wounds, keratino- 
cyte suspensions in PBS^ fail to do so [11]. 

To overcome some of the disadvantages of multilayered epithelial sheet 
grafts, we developed a new technique of keratinocyte transplantation by cul- 
tivating human epidermal cells and subsequently suspending them in a fibrin 
glue matrix (KFGS). This method combines the considerable in vitro expan- 
sion capacity of graftable cells with advantages of the transplantation of non- 
contact inhibited and actively proliferating single cell suspensions in an ap- 
propriate biological carrier. 

Our initial but episodic clinical results with this technique compared fa- 
vourably to conventional epithelial sheet grafts (CEA) in burn patients [12]. 
However, questions of reproducibility remained open because of the limited 
number of burn patients, the complexity of large burn wounds, and the un- 
known number of factors influencing wound healing in burns. 

To investigate the feasibility of the KFGS technique we compared this 
method directly to standard CEA techniques in reproducible and standard- 
ized full-thickness wounds in an athymic mouse model [13]. 



93 

Materials and Experimental Methods 



93.1 

Keratinocyte Culture 

Proliferative human keratinocytes were isolated from fresh human skin sam- 
ples with 0.25% Dispase (Boehringer-Mannheim, Germany) after incubation 
at 40°C for over 2 hours. Epidermal cells were then isolated into a single cell 
suspension by treatment with 0.05% trypsin and 0.02% EDTA (GIBCO, Ger- 
many) at 37° C for 30 minutes, resuspended, and expanded in number in 75- 
cm^ polystyrene tissue culture flasks in serum free media [1] containing EGF, 
BPE (GIBCO, Germany) and Gentamycin (Merck, Germany) with 5% CO 2 at 
37°C. At 60-70% subconfluence, the cells were harvested from the flasks by 
trypsinization and were reincubated in a concentration of 1x10^ per 75-cm^ 
culture flask. 



^ Abbreviations: PBS = phosphate buffered serum, CEA = cultured epithelial autografts, 
CEG = cultured epithelM grafts, KFGS = keratinocyte fibrin Glue suspension, DEJ = Dermo- 
epidermal junction, SEM = standard error of means. 
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93.2 

Keratinocyte Fibrin Glue Suspension (KFGS) 

Second-passage keratinocytes were isolated in a single cell suspension after 
having reached a confluence of 60-70% in the culture flasks. After centrifu- 
gation the resulting cell pellet was resuspended in the thrombin component 
of a commercially available two-component fibrin glue (Tissucol®, Immuno, 
Germany) at a density of 4x10^ cells per ml fibrin glue and were ready for 
transplantation. 



933 

Epidermal Sheet-grafts (CEG) 

The proliferation phase of this culture type was similar to the method pre- 
viously described. After 8-10 days, the keratinocytes reached 100% conflu- 
ence, forming a cohesive, intact sheet of epithelium. At this time, 1.8 mM cal- 
cium was added and the medium changed every other day. Within 4-6 days, 
stratified cohesive sheets of epithelium with 4-6 cell layers developed. Differ- 
entiated epithelial sheets were removed with 0.25% Dispase (Boehringer, 
Mannheim, Germany) in Phosphate buffered saline (PBS). The graft was then 
transferred (maintaining the upright orientation) to a 100-mm Petri dish 
with PBS and was ready for grafting. 



93.4 

Experimental Model and Transplantation Procedure 

Experimental subjects were athymic nude mice (Balb/c-OlaHsd-nu/nu IR; 
Harlan-Winkelmann, Borchen, Germany), aged 6-8 weeks, which were kept 
in single boxes in a Duoflo (Bioclean Lab Procedures, Maywood, NJ, USA) 
laminar air-flow system at 37°C with 12 hours of light exposure. 

Under aseptic conditions, reproducible standardized wounds were created 
on the back of 45 anaesthetized nude mice. With a scalpel, 2x2-cm rectangu- 
lar full-thickness skin wounds were excised down to the muscle fascia, in- 
cluding the panniculus carnosus. The wound edges were fixed with nonre- 
sorbable nylon sutures to retard spontaneous wound contraction. 

In groups of 15 mice, freshly created wounds were covered with cultured 
human keratinocytes, either as single cell solutions suspended in a commer- 
cially available fibrin glue (Tissucol®, Immuno, Heidelberg, Germany) as ker- 
atinocyte fibrin glue suspension (KFGS), or as cultured human epithelial 
sheet grafts (CEG) or no grafts. The wounds were dressed with a semiperme- 
able adhesive film (Tegaderm®, 3M, Borken, Germany) and tie-over-dressing, 
consisiting of a vaseline gauze (Adaptic, Johnson&Johnson, New Brunswick, 
NJ, USA) and a dry cotton gauze fixed with sutures to the wound margins. 
Daily inspections were undertaken to ensure integrity of dressings. 

Complete wound biopsies were harvested on days 7, 14, 21, 35, and 42 
post-transplantation. Wounds were totally excised, including a small border 
zone of untreated skin and underlying muscle, and processed for H&E, im- 
munohistochemistry and electron microscopy procedures. 
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93.5 

Wound Contraction 

Computer based image analysis of wound size by photoplanimetric evalua- 
tion of the surface area on sequential standardized photographs was per- 
formed on days 7, 14, 21, 35, and 42 post-transplantation. Data for wound 
contraction are expressed as percentage of original wound area (mean ±S£M, 
[18, 29]). Data from test groups in wound contraction studies were subjected 
to an analysis of variance and Tukey’s studentized range test, with signifi- 
cance accepted at the 95% confidence level (p<0.05). 



93.6 

Graft Acceptance 

This was determined by direct immunofluorescence staining of healed epi- 
dermis with fluoresceine labeled monoclonal antibody against a common 
hapten of the HLA-ABC histoincompatibility antigens (Sigma, Munich, Ger- 
many) [18]. 



93.7 

Epithelial Thickness 

This was measured in 50 representative histologic H8cE cross sections at the 
wound margins and at four points equally spaced across the wound for each 
type of grafting. Means and standard errors for thickness were calculated for 
the groups. Statistical significance between groups was analyzed with the 
nonparametric Mann- Whitney U test [31]. 



93.8 

Immunohistochemical Microscopy 

Sections of 5 p were deparaffinized, hydrated, and digested with 0.1% pepsin 
(Fluka, Germany) in 0.5 M acetic acid for 2 hours at 37°C. To quench endo- 
genous peroxide, a 3% hydrogen peroxide solution (Sigma, Germany) was 
applied for 5 minutes and washed with PBS (Biochrom, Germany). Speci- 
mens were blocked with goat serum (Sigma, Munich, Germany) followed by 
incubation with the primary antibodies anti-laminin or anti-collagen type IV 
(Quartett, Berlin, Germany), for 12 hours at 4°C. A secondary biotinylated 
antibody (Sigma, Munich, Germany) was applied for 20 minutes, followed by 
a 20-minute incubation with peroxidase reagent. A substrate reagent contain- 
ing deionized water, acetate buffer, AEG chromogen, and 3% hydrogen perox- 
ide (both Sigma, Germany) was applied to the section for 10 minutes. After 
rinsing, counterstaining with Mayer’s Hematoxylin (Chroma, Germany) took 
place for 2 minutes, followed by application of glycerol gelatin (Merck, Ger- 
many). 
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9.3.9 

Immunofluorescent Microscopy 

Indirect immunofluorescent stains were carried out on both conditions and 
at each time-point of the protocol. Sections that had been flash frozen in Tis- 
sue Tek O.C.T. compound (Leica, Stuttgart, Germany) were sectioned to 6 pm 
and collected on gelatine-potassium-chrome-sulfate coated shdes. Slides were 
incubated with 1% bovine serum albumine in O.IM PBS, pH 7.6, for 10 min- 
utes to eliminate non-specific binding of primary antibody. The primary an- 
tibodies against collagen type IV, rabbit anti-collagen IV, diluted 1:50 in PBS 
(Sigma, Munich, Germany) and type VII (rabbit anti-collagen VII, diluted 
1:100 in PBS, Sigma, Munich, Germany) were incubated for 60 minutes at 
room temperature. 

Slides were then incubated in the dark with fluorescein-isothyocanat 
(FITC) labeled secondary antibody (goat-anti-rabbit, 1:20 dilution. Sigma, 
Munich, Germany) for 2 hours at 4°C. Slides were then counterstained with 
propidium iodide for 5 minutes, were viewed with Zeiss-Axiophot equipped 
with epi-fluorescence and photographed with Kodak Tri-x film. 



9.3.10 

Electron Microscopy 

Biopsies from healing cultured epidermal autografts or keratinocyte fibrin 
glue suspensions covering full-thickness wounds excised to muscle fascia 
were obtained between days 7 and 42 post-transplantation, cut into 1-mm 
cubes, fixed in 3% Glutaraldehyd, and post-fixed in 1% osmium tetroxide; 
this was followed by dehydration in a graded acetone series. The specimens 
were embedded in Spurr’s resin, and 50- to 80-nm sections were cut and 
mounted on copper grids. The sections were stained with uranyl acetate and 
lead citrate, and were carbon coated and examined with a Philips CM 10 elec- 
tron microscope (Philips, Eindhoven, Netherlands). 



9.4 

Results 



9.4.1 

Skin Reepithelialization 

After KFGS transplantation, a thin epithelium developed until day 7 showing 
cell clusters within the fibrin glue (Fig. 9.1) and showing a typical pavement- 
resembling structure in the scanning electron microscopy (Fig. 9.2). At day 
14 postoperatively, a multilayered epithelium had developed (Fig. 9.3), with 
marked hyperkeratinization (Fig. 9.4). Complete wound reepithelialization 
occurred in both groups between day 7 and day 14 by the formation of a 
stratified keratinizing epidermis. After CEG grafting the epithelium was com- 
plete but appeared to be less stratified (Fig. 9.5). Control wounds without 
grafts did not reepithelialize before day 28 and remained open in part up to 
day 42. 
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Fig. 9.1. Histology of grafted 
human keratinocytes (KFGS) 
7 days post-transplantation 
demonstrating a thin devel- 
oping epithelium {arrow) 
and cell clusters within the 
fibrin glue (F); HScE, lOOx 
magnification 



Fig. 9.2. Scanning electron 
microscopy demonstrating 
pavement-like array of kera- 
tinocytes at day 7 p.o. after 
KFGS with tight intercellular 
connections 



9.4.2 

HLA-ABC Expression 

Persistance of human keratinocytes after grafting was confirmed by anti- 
HLA immunofluorescence staining during all stages of reepithelialization up 
to day 42, insuring that wound closure was accomplished by cultured human 
epidermal cells. 
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Fig. 9.3. Day 14 post-KFGS 
transfer showing stratifica- 
tion into multilayered 
epithelium with marked hy- 
perkeratinization (arrow); 
H&E, lOOx magnificaiton 




Fig. 9.4. Scanning electron 
microscopy revealing rough 
surface of hyperkeratinizing 
neo-epithelium 14 days after 



KFGS 




Fig. 9.5. 14 days after con- 
ventional cultured epithelial 
sheet grafting (CFG) techni- 
que, formation of a thin but 
complete multilayered 
epithelium (filled arrows) 
with distinct keratinization 
(outlined arrows); H&E, 
lOOx magnification 
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9.4.3 

Epithelial Thickness 

At 42 days post- transplantation, the mean epithelial thickness was 185.09 pm 
(±19.97 SEM) in the KFGS group, whereas after CEG we found 108.14 pm 
(±16.84 SEM) (p<0.05). All keratinocyte grafted wounds differed significantly 
from control wounds with no grafts, which showed an average of 42.48 pm 
(±6.72 SEM) of epithelial thickness (p<0.05). 



9.4.4 

Wound Contraction 

After complete epithelialization, the original wound size showed contraction 
to an average of 23.19% (±2.02 SEM) after KFGS up to day 42, and to an 
average of 21.56% (±5.62 SEM) after sheet grafts (CEG; n.s.). Conversely, 
control wounds with no grafts showed greater wound contraction than 
grafted animals (15.51%; ±2.94 SEM; p<0.05). Some wounds in this group 
were not closed at 6 weeks post wounding. 



9.4.5 

Immunohistochemistry 

Laminin and collagen type IV were consistently detected at the dermo-epi- 
dermal junction in both KFGS and CEG reepithelialized wounds from day 14, 
increasing in density up to day 42. Expression of Laminin and collagen type 
IV seemed more pronounced after KFGS transplantation. 



9.4.6 

Immunoflurescence 

Collagen type VII, which is an integral part of anchoring fibrils at the der- 
mo-epidermal junction, was detected from day 21 only in the KFGS group, 
but not in the CEG group during the 6-week observation period. 



9.4.7 

Electron Microscopy 

Transmission electron microscopy showed an equal distribution of hemides- 
mosomes along a constantly developed basement membrane from day 14 
postoperatively after KFGS grafting, indicating the reformation of dermo-epi- 
dermal junction. Conversely, the basement membrane structures were incon- 
sistent and fragmented, with fewer hemidesmosomes after CEG grafting at 
day 14 post-grafting. 
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9.5 

Discussion 

Up to now, cultured epithelial autografts have represented the common stan- 
dard in cultured epidermal replacements when autologous donor skin is not 
available [14]. Disadvantages of this procedure have led to a number of re- 
finements concerning progress in the culture as the well as evolution of 
transplantation techniques [15, 16]. 

Clinical experience has led to the common consensus that a dermal substi- 
tute is needed to enhance the take and function of epithelial grafts. Efforts 
were taken to combine dermal substitutes and cultured keratinocytes in vitro 
[15] or in vivo [6]. Applying a functional skin replacement rather than a 
pure epidermal replacement seems to most closely resemble the eventual 
need for tissue, so that multiple variants on this technique have been de- 
scribed [17]. Briefly, these include the use of dermis -derived lattices, collagen 
derived matrices, and cultured substrates such as acellular and cellular artifi- 
cal skins, cultured composite skin grafts, or cultured cells combined with 
biogenic or synthetic skin substitutes to resurface acute or chronic wounds. 
Considerable results have been obtained with some of these materials in vi- 
tro as well as in experimental wounds [14, 18, 19]. However, the clinical suc- 
cess of such dermal-epidermal “composite” grafts, although very promising, 
has been limited so far [15]. 

Transplantating undifferentiated, mitotic, proliferative single keratinocytes 
acting as “stem cells” [20, 21] introduces another principal of tissue regen- 
eration. The covering potential of skin grafts rests on the capacity of epider- 
mal cells to migrate and reconstitute a viable epidermis on top of the con- 
nective tissue of the wound bed [22]. Therefore, the key issue in reepitheliali- 
zation is to have epidermal cells able to migrate, proliferate, and differentiate 
[23, 24]. Techniques of providing single cells which can attach to the wound 
bed, proliferate, and differentiate has been subject to several investigations in 
the past [23-25]. However, although this principle seemed fascinating, inves- 
tigators have felt that experimentally poor results were due to the fact that 
they could not solve the problem of protecting the transplanted cells from 
being washed away by wound fluids or dislodged by the dressing. Because fi- 
brin glue naturally occurs in early stages of wound healing, it seemed logical 
to combine its mechanical adhesive properties to guarantee safe adhesion of 
the cell suspension to the wound tissue. The fibrin clot also serves as a scaf- 
fold favoring the migration of epithelial and fibroblast cells within the 
wound [27]. During the early stages of clot formation, fibronectin, a specific 
glycoprotein, has especially been credited to serve as a stimulus to cellular 
migration and actively promoting the removal of cellular debris by favoring 
the phagocytosis of such debris by macrophages attracted to the lesion site 
[28]. Thus, fibrin glue represents not only a mechanical carrier system for 
cell transplantation but offers additional biological properties. 

In our experimental model there was no significant difference in the 
wound closure capacity and the amount of wound contraction after KFGS 
when compared to sheet grafts in standardized wounds. The rate of wound 
contraction following pure epithelial grafts without dermal components is a 
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well-known phenomenon [19]. Control wounds with no grafts did not re- 
epitheliahze equally and showed significantly more shrinkage of the original 
wound size. The enhancement of epithelial thickness after KFGS when com- 
pared to CEG may be due to the fact that single, actively proHferating cells 
can adhere more easily to the wound connective tissue and preserve their 
proliferation capacity during the initial period of skin repair. The early refor- 
mation of a contiguous basement membrane from day 14 post-operatively 
after KFGS but not after CEG grafting as shown in our study, as well as the 
expression of collagen type VII from day 21 postoperatively only in the KFGS 
group, might be due to an enhanced biologic activity of the undifferentiated 
single cells compared to the differentiated cells in the sheet grafts, which lose 
complex capabihtes like type VII secretion during the differentiation process 
[4, 14]. 

The transplantation of single cells not only shortens the time of producing 
enough epithelial sheet grafts but transfers a part of the artificial in vitro cul- 
tivation period from the laboratory back into the biologic environment of the 
wound. Instead of waiting 3-4 weeks until stratified keratinocyte sheets are 
grown, cultured single keratinocytes can be transferred much earlier to the 
wound bed [5-8, 14]. The KFGS method transfers mitotic, actively prolifera- 
tive and undifferentiated keratinocytes as a single cell suspension to the 
wound bed. It facilitates the delivery of cultured cells compared to CEA tech- 
niques. It may thus be considered an alternative to the established methods 
of treating burns and chronic ulcers when using cultured epithelial auto- or 
allografts. 
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Enhanced Expression of Integrin Receptors During 
Proliferation of Activated Keratinoblasts Prepared for 
Transplantation as Cell Suspension in Fibrinous Matrix 
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10.1 

Introduction 

Integrins are principal receptors on animal cells for binding most extracellu- 
lar matrix proteins, including collagen, fibronectin, and laminin. One ihteg- 
rin function is to transmit mechanical forces by connecting the cytoskeletal 
network of keratinoblasts/keratinocytes with the exoskeleton of the connec- 
tive tissue. This function is related to the maintenance of basal keratino- 
blasts/keratinocytes by preventing terminal differentiation. The keratino- 
blasts/keratinocytes remain in unrestricted proliferation. Terminal differen- 
tiation correlates with downregulation of the integrins [1]. Cell functions like 
proliferation, differentiation, attachment, spreading, and migration depend 
on cell-matrix contacts mediated by cell surface receptors including the in- 
tegrin group. The subunit, which is part of the fibronectin receptor 
was expressed by defined activated keratinoblasts [2, 3]. Different types of 
clones [4] develop in the secondary clonal culture of keratinoblasts: clone 
type mitotic keratinoblast I, II, and III (CTMK I, CTMK II and CTMK III). 
Changes in the frequencies of the distinct clone types can be observed as a 
function of the cummulative population doubling level of the heterogeneous 
populations. For the analysis of the biological changes accompanying cytodif- 
ferentiation of secondary keratinoblasts in the cell lineage, methods have 
been developed to enrich the three mitotic keratinoblasts from the heteroge- 
neous mitotic populations. Most likely, all keratinoblast cell systems are stem 
cell systems ([5], Bayreuther 1996, personal communication). When stem cell 
system-specific concepts and methods are applied, defined keratinoblast pop- 
ulations can be made available. Cell biological, immunocytological studies 
with properly defined keratinoblast populations that are pools of cell popula- 
tions with a verified constant composition of keratinoblast cell types, and 
consequently with identical parameters, are destined to provide reproducible 
results in the field of keratinoblast cell biolgy. 

10.2 

Material and Methods 

Normal human epidermal keratinocytes (NHEK) from the foreskin of chil- 
dren ranging in age from 3-10 years were cultured in a complete medium 
known as serum-free keratinocyte growth medium (KGM Clonetics) with 
0.15 mM calcium. KGM is a keratinocyte basal medium (KBM Clonetics), 
which is known as a standard medium. It is a modification of the MCDB 153 
with 0.15 mM calcium and is supplemented with 0.1 pg/ml human EGF, 
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0.5 jig/ml hydrocortisone, 5 jig/ml insulin, 30 jig/ml bovine pituitary extract 
(BPE), 50 |ig/ml gentamycin, and 50 pg/ml amphotericin. 

The foreskins w^ere placed in PBS (phosphat buffered saline) immediately 
after circumcision and stored at 4°C until they were prepared (2 to 6 hours). 
The foreskins were cleaned, turning the dermal side upward and cutting 
away fatty tissue using curved iris scissors and fine forceps, then put in Be- 
taisodona solution (Mundipharma) for 20 min. After 20 min, the foreskins 
were rinsed several times with PBS solution containing 0.1 g of penicillin 
and 0.06 g of streptomycin until they were free of brown staining. They were 
then cut into pieces about 1 cm^ large and put into 2.5 mg/ml Dispase II 
(250 mg in 100 ml of serum-free Dulbecco’s MEM; (Boehringer Mannheim). 

After incubation in Dispase II for about 18 hours at 4°C, the epidermal 
layer was lifted from the dermis and chopped with a sterile scalpel or scis- 
sors into very small pieces. These very small pieces were placed into a 10-ml 
sterile glass tube containing about 2 ml of trypsin EDTA 0.25% (Serva) and 
incubated at 37 °C for about 20 to 30 min. During this time the incubated 
pieces of foreskin were pipetted with a 1-ml pipette every 10 minutes for 2 
minutes to assist dissociation of the cells. The trypsination was stopped by 
adding 10 ml of solution containing Dulbecco’s MEM and Ultroser G 2% 
(Gibco). The cells in the solution were filtered with a very fine (0.1 -mm) 
wire sieve into a sterile centrifuge tube and centrifuged at 175xg for 8 min at 
room temperature. The cell pellet of NHEK was gently resuspended in 10 ml 
of KGM (Clonetics). The number of keratinoblasts/keratinocytes was deter- 
mined using a haemocytometer chamber, and viability was checked by try- 
pan blue solution. 

The freshly isolated keratinoblasts/keratinocytes were seeded in flasks of 
25 cm^ or 75 cm^ (Greiner) to achieve keratinoblast clones with a high mito- 
tic activity. The flasks were placed in an incubator (Heraeus) with 5% CO 2 , 
95% air humidity and 37°C temperature. The medium was changed every 2 
to 3 days until the clones consisted of 300 to 500 keratinoblasts of one mor- 
photype and showed a high rate of mitosis. 

After reaching the described clone type, the cells were trypsinized, washed 
twice in KGM, and placed in a centrifuge for 8 min at 175xg. The lyophilized 
1-ml fibrinogen component of the Tissucol-Kit (Immuno) was reconstituted 
in a 4-ml cell suspension (2x10^ trypsinized keratinoblasts) in KGM and 
placed in a 6-well plate plus thrombin component; within less than 1 min the 
cell/fibrinogen suspension turned viscous and 2 ml KGM were added. KGM 
was changed every 2-3 days. Morphological changes and clonal formation of 
keratinoblasts in fibrinous matrix were observed using an inverse microscope 
(Axiovert 35 Zeiss). After 2 and 4 days of culture, keratinocyte clones in fi- 
brinous matrix were prepared for immunocytochemical staining. 

For the culture of a keratinocyte sheet, the cells were seeded at 5000/cm^ 
in culture flasks. The cells proliferated rapidly as a monolayer with high mi- 
totic activity in low calcium (0.15 mM) KGM. At this state, the low calcium 
(0.15 mM) KGM is replaced by high calcium (1.5 mM) KGM. The terminal 
differentiation was induced and after 6 to 8 days the in vitro epidermis was 
ready. The in vitro epidermis was enzymatically detached as a coherent sheet 
from the culture flask using 2.5 mg/ml dispase II in serum-free Dulbecco’s 
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MEM. Fibrinous pellets were cryopreserved in liquid nitrogen and stored at 
-20 °C. Cryocut sections were produced in a density of 6 pm. The staining 
procedure of cryocut sections of fibrinous matrix and keratinocyte sheets 
started with a 9-min methanol and a 1-min acetone fixation. After rinsing in 
PBS, monoclonal antibody-staining vimentin, cytokeratin 14, cytokeratin 10, 
0 ^ 5 ) 0^6, and ^^4 integrin chains were incubated at 37 °C for 30 min. 
Secondary antibodies were labeled by Cy3 fluorescence. Nuclei were stained 
using 1.2 pg/ml Hoechst 33258 in TBS. Using the fluorescence microscope 
Olympus BX 40 with a multifilter system and Olympus OM 4 Ti camera, im- 
munocytochemical staining was evaluated and documented. 

10.3 

Results 

10.3.1 

Morphological Aspects of Serum-Free Cultured Human Epidermal Keratinoblasts 

Using keratinocyte growth medium, primary cultures of human epidermal 
keratinoblasts (cell density 3-4x10^ cells/cm^) showed clonal expansion after 

3- 8 days. In our experiments only primary cultures with a development of 
holoclones during 3-5 days seemed to be successful for further preparation. 
Medium changes 1-2 hours after insertion of the primary cultures in culture 
flasks led to a reduced fraction of terminal differentiated keratinocytes. Un- 
differentiated keratinocyte subpopulations were selected by their ability to 
adhere to an extracellular matrix. In contrast, unselected primary cultures 
showed inhomogenous clonal growth with a higher percentage of terminal 
differentiated cells. These cultures failed to produce intact monolayers in se- 
rum-free media. Serum-free cultured epidermal sheets showed the following 
culture development traits: 3-5 days to start clonal expansion, 8-10 days to 
reach subconfluent monolayers, 6-8 days for 1st and 2nd subculture, and 4-6 
days for stratification of in vitro epidermis. Graftable epidermal sheets after 

4- 6 days of stratification showed mechanical resistence and could be sepa- 
rated from culture dishes using dispase II. Alternatively, we prepared kerati- 
noblast suspensions in fibrinous matrix as described above. Trypan blue vi- 
tality assays showed 90-95% living cells after preparation. After 2-3 days of 
culture, keratinoblast suspensions developed small and homogenous clones 
with 4-8 cells. On the 4th day, an intensive three-dimensional clonal expan- 
sion could be detected (Fig. 10.1). These clones formed spheroids consisting 
of homogenous keratinoblasts without morphological aspects of terminal dif- 
ferentiation. Spheroids, reaching the ground of culture dishes by expansion, 
formed keratinoblast monolayers (Fig. 10.2). Eight days after cell seeding 
into fibrinous matrix, a confluent monolayer connected the spheroids (Fig. 
10.3). In this state of culture, the spheroids showed a number of cells mor- 
phologically impressing as differentiated cells (Fig. 10.4). The following cul- 
ture periods are needed for preparing keratinoblasts as a fibrinous suspen- 
sion: 8-10 days for primary culture, and 4-6 days for subcultures; after 
reaching subconfluence, they were prepared as fibrinous suspension and ap- 
plication. 




Fig. 10.1. Three-dimensional 
spreading keratinoblast 
clones 4 days after insertion 
in fibrin matrix, 1:200 



Fig. 10.2. 6 days after inser- 
tion in fibrin matrix, kerati- 
noblasts started to form a 
monolayer, including three- 
dimensional clones, 1:200 



Fig. 10.3. 8-day-old keratino- 
cyte monolayer in fibrin ma- 
trix with spreading of three- 
dimensional clones, 1:200 
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Fig. 10.4. 10-day-old three-di- 
mensional clone in fibrin 
matrix without contact to 
the keratinoblast monolayer, 
1:200 




10.3.2 

Immunocytochemical Examinations of 4-day Stratified in vitro Epidermis 

Four day stratified keratinocyte sheets prepared for grafting were stained 
with antibodies against the cytoskeleton antigens vimentin, cytokeratin-10 
and cytokeratin-14. In these epithelial polylayers we found a percentage of 
10-15% basal keratinoblasts with diffuse cytoplasmatic vimentin staining. In 
addition, a small number of basal cells showed intracellular vimentin. The 
distribution of vimentin-positive basal cells was inhomogenous; areas with 
concentrated positive stained cells alternated with areas of vimentin-negative 
cells. Stratification led to a rapid decrease of vimentin-positive cells showing 
a diffuse distribution in the basal cell layer. Cytokeratin 14 was detected in 
all keratinocytes of stratified polylayers. Cytokeratin 10 was restricted to su- 
prabasal cell layers. Investigation of integrin receptor distribution in kerati- 
nocyte sheets was performed using monoclonal antibodies against the a 2 , a 3 , 
^^4 integrin chains. The monoclonal antibody to U 2 integrin 
chains produced a diffuse cytoplasmatic signal and a pericellular distribution 
in basal layered keratinoblasts, with intense staining of the basal cell mem- 
brane. In contrast to U 2 , showed a higher signal on the lateral and apical 
membranes of basal keratinoblasts. Serum-free cultured keratinocyte sheets 
after 4 days of stratification failed to express as integrin chain. The integ- 
rin subunit was labeled as intensive cell surface and cytoplasmatic fluores- 
cence in basal layered cells, but in contrast to in vivo epidermis, it was not 
located on basal cell membrane. The chain was found in a simular distri- 
bution to a6- Basal keratinoblasts expressed fii integrin with a concentration 
on the lateral and basal cell membranes; on apical cell membranes, -fluo- 
rescence was weak. A diffuse intracellular j3i staining was detected. 



10.3.3 

Immunocytochemical Examination of Keratinoblast Suspension in Fibrinous Matrix 

After 2 days of culture most of the keratinoblasts in fibrinous matrix were 
stained for cytokeratin 14. Only a few cells expressed cytokeratin 10. Integrin 
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chains a 2 , as, Pi and were detected on nearly all keratinoblasts, showing 
cytoplasmatic and surface distribution. On the 4th day of culture, three-di- 
mensional keratinoblast clones were developed as described above. The cells 
of these clones had membrane fluorescence for U 2 and integrin chains; in- 
tracellular fluorescence was found with weak intensity. The U 2 integrin chain 
was concentrated at cell-cell contacts; also, a weak intensity was found at 
cell-matrix contacts. In contrast to U 2 , was not polarized in the keratino- 
blast spheroids. Distribution of Pi was similar to at all keratinoblast mem- 
branes. Intensive pi staining was detected at the cell-matrix contacts. In addi- 
tion, we found a diffuse intracellular Pi fluorescence. Fibrinous suspension of 
keratinoblasts produced positive staining for as in a cell surface and a diffuse 
intracellular pattern. Cytoplasmatic fluorescence was higher than a 2 and 
intracellular fluorescence. 

10.4 

Discussion 

Stem cell system-specific methods permit the routine isolation, characteriza- 
tion and enrichment of keratinoblast/keratinocyte populations of a defined 
differentiation state. Primary human epidermal keratinoblasts/keratinocytes 
were derived from skin biopsies in three clonal types (holoclones, mero- 
clones, and paraclones) with different capacities for multiplication [4]. The 
primary clonal populations are composed of 3 mitotic keratinoblasts (MK), 
and they differentiate along the sequence MK I, MK II, MK III in the kerati- 
noblast progenitor compartment [5, 6]. By cellular cloning techniques, popu- 
lations with 90% purity for one of the three MK cell types can be found in 
the holoclone. The holoclone has an extensive growth potential and is char- 
acterized by a high mitosis rate. The development of serum-free nutrient 
media allowed the investigation of the influence of several growth factors 
and matrix compounds on cell behavior. It was possible to preserve keratino- 
blasts from type MKI and MK II in an artificial undifferentiated state [7]. 
Jones and co-workers [8] described two types of keratinoblasts: stem cells 
and transit amplifying cells. Both cell types are characterized by the expres- 
sion of Pi integrin receptors. Terminal differentiation of keratinoblasts corre- 
lates with downregulation of these integrins [1]. Cell functions like prolifera- 
tion, differentiation, attachment, spreading, and migration depend on cell- 
matrix contacts, mediated by cell surface receptors, including the integrin 
group [9]. Epidermal wound healing leads to a changed integrin distribution: 
a^Pi and as Pi are primarily found on leading-edge keratinoblasts during ree- 
pithelialization [2, 3]. Kim and co-workers [10] described an activated kerati- 
noblast phenotype with increased motility and proliferation characterized by 
a redistribution of Pi integrin chains in marginal adhesion plaques and pro- 
duction of matured Pi chains. Activated keratinoblasts also express as Pi in- 
tegrin. Fibronectin mediates the contact between keratinocytes and the pro- 
visional extracellular matrix during wound healing [2]. Human epidermal 
keratinoblasts, cultured as cell suspension in KGM (Clonetics) in fibrin ma- 
trix, formed three-dimensional clones. Such clones, reaching the bottom of 
culture dishes by expansion, spread and formed layers. In these clones a 2 Pi 
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and integrins are expressed comparable with in vivo epidermis [9]. In- 
fluenced by the fibronectin component of the fibrin matrix (Tissucol, Immu- 
no) as^i is expressed in addition. It is now well estabfished that survival of 
many cell types requires integrin-mediated adhesion to extracellular matrix 
(ECM) proteins [11]. Integrins binding to fibronectin, prevent the dif- 
ferentiation and death of keratinoblasts in serum-free medium [12]. Integrins 
differ in their abihties to promote survival and to suppress differentiation, 
such that integrins as/]i and Oyfii were more effective than a 2 p\. Integrin- 
mediated adhesion regulates the induction of cell spreading. Our in vitro 
data show that fibronectin binding is upregulated when keratinoblasts are 
placed in culture. The expression of these integrins reflect the activated state 
of serum-free cultured keratinoblasts. The fibrin suspension helps to clarify 
whether keratinoblasts are still actively spreading and migrating, or whether 
they return to a steady-state phenotype, as in normal epidermal homeostasis. 
The aim of the current investigation was to clarify the suitability of normal, 
serum-free cultured keratinoblasts as a fibrin suspension for clinical applica- 
tion [13]. 
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CHAPTER 11 



Autologus ORS-Keratinocytes in the Therapy 
of Chronic Leg Ulcers 

A. Meichlbock • S. Fleischer • I. Moll 



11.1 

Introduction 

Problems in the treatment of chronic non-healing wounds are frequent and 
difficult. In burn wounds, transplantations of autologous keratinocyte sheets 
have been established, in the treatment of leg ulcers since the 1980 (Rhein- 
wald/Green). Keratinocytes may produce growth factors improving healing, 
mostly by causing re-epithelization from the edge. This suggests that the cul- 
ture of sheets may not be absolutely necessary; freshly isolated cells might 
also work. 

We therefore started isolating autologous keratinocytes from the outer 
root sheath of the hair follicle. These cells can be prepared easily and can be 
applied after a short time (about 90 min) of preparation, and applied repeat- 
edly. Especially hair follicles from the beard or from the occiput can be used 
because large anagenic follicles are frequent. Sufficient debridement and 
cleaning of the ulcus are necessary before this treatment. 

11.2 

Material and Methods 

We treated 36 patients with chronic, non-healing leg ulcers resulting from ar- 
terial or venous diseases and malum perforans, all showed no improvement 
during the previous three months using hydrocolloids, enzymatic cleaning, 
or surgical treatment. 

The keratinocytes were isolated from the outer root sheath of hair folli- 
cles. About 30-50 hair follicles from the beard or the occiput were plucked 
and transferred to the transport medium (DMEM, Seromed). 

By treatment with trypsine (0.1%/EDTA 0.02%) for 45-60 min, single cells 
were isolated (Fig. 11.1). The enzymatic activity was finished by the patient’s 
own serum. After centrifugation, the cell suspension was transferred into the 
thrombine compartment of the two-component fibrine glue, and application 
by air pressure (pressure about 1.5-2 bars) was performed (Fig. 11.2). In 
most cases, 70000-100000 cells/ml were applicated in intervals of 6-10 days, 
1-7 times until complete healing or continuous re-epithelization was in- 
duced. 

Criteria for the effects of this method were: the reduction of the diameter 
of the ulcus, taken by patterns on cellophane; planimetry as well as the ten- 
dency of granulation; re-epithelization (main criteria); and reduction of pain 
(minor criterion). Sufficient cleaning from necrotic and bacterial covers was 
very important for the success of the transplantation. Thus, we used enzy- 
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Fig. 1 1 .1 . Application of kera- 
tinocyte suspension by a 
two-component fibrine glue 
by air pressure, 1.5-2 bars; 
distance to ulcer about 
10 cm 





matic digestion and hydrocolloidal dressings; if necessary, surgical debride- 
ment was also performed. 



11.2.1 

Transplantation 

On the day of the transplantation, we took a bacteriology and planimetry of 
the ulcus. Afterwards, saline dressings were applicated for about two hours, 
followed by air-supported fibrine glue application. The wound was then cov- 
ered with a sterile silicone gauze. In addition, the patient kept bed rest for 
three days, and no cover change was done. 

On day 4, the dressing was removed and saline dressings were applied. 
Depending on the wound and the bacteriology, the cover change during the 
following 3-4 days was with antibiotic gauzes or hydrocolloidal dressings. In 
the case of a severe bacterial contamination, systemic antibiotics were given. 
In most cases, we isolated gram-negative bacteria that were multiresistent to 
frequent antibiotics, especially pseudomonas species. On day 6-7, the next 
transplantation was done in most cases. Deep ulcers were first prepared by 
autologous, cultivated fibroblasts in order to induce granulation tissue. 
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Results 

In 31 cases, the first application of ORS-keratinocytes already induced a cen- 
tripetal re-epithelization. This effect usually stopped after one week, and next 
transplantation was done 1-6 times until complete healing or persistent re- 
epithehzation was induced. In 17 patients we saw good results and in 8 pa- 
tients, very good results, within 2-4 weeks. In all cases, pain was immedi- 
ately reduced by the transplantation. In some cases, we also noticed a reduc- 
tion of bacterial covers, so keratinocytes may also produce enzymes and 
polypeptides to defend themselves against a bacterial environment, as is well 
known concerning gram-positive bacteria. If progredient re-epithelization 
and good granulation tissue were induced, we dismissed the patients into 
out-treatment. 



113.1 

Example 

We had a 61 -year-old female patient, suffering from ulcers on the lower leg for 
years without healing or improvement (Fig. 11.3). In intervals of one week, auto- 
logous ORS-keratinocytes were transplanted seven times. After the third ap- 
plication, good granulation and some re-epithelization were seen (Fig. 11.4). 
After the seventh application, the ulcers were totally healed (Fig. 11.5). 

11.4 

Discussion 

Our results (Table 11.1) show the positive effect of the application of ORS- 
cells in the treatment of chronic leg ulcers. The typical centripetal re-epitheli- 
zation from the edge, the so-called “edge effect”, was the most important ef- 
fect. Obviously, the keratinocytes at the edge of the wound are stimulated for 
migration and proliferation. Similar results are well known after the trans- 
plantation of keratinocyte sheets. We noticed an edge effect of about 4- 




Fig.11.3. Ulcers on the left 
lower leg after pretreatment 
with enzymes 
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7 mm/week, and in most cases, the second to fourth applications of keratino- 
cytes were the most effective ones in inducing this effect. Reasons for de- 
layed and insufficient healing in chronic leg ulcers are still not clear; kerati- 
nocytes tend to a lower proliferation and insufficient migration. Reduced 
production or sensitivity to cytokines may be important. 

Growth factors produced by the cells might play an important role in the 
healing, e.g., EGF, TGF, or IL 6. The proliferation and migration of keratino- 
cytes are induced, as well as the formation of an intact basic membrane 
structure, reflected in the tendency of the edge effect to stop about one week 
after the application of ORS-keratinocytes or sheets. 

Patients were dismissed if a sufficient tendency towards healing was seen 
for at least two weeks; in most cases, a complete re-epithelization within the 
following weeks was performed. Depending on the basic diseases, we ob- 
tained the best results in patients with ulcers resulting from chronic venous 
insuffiency; ulcers caused by arterial obstructions or diabetes showed a re- 
duced tendency towards healing, so that sufficient nutrition with growth fac- 
tors might play a very important role in the development of the edge effect. 
ORS-keratinocytes are obviously able to influence the edge keratinocytes of 
the ulcers to induce migration and proliferation. 
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Table 11.1. Applications and results: += beginning epithelization (4-7 mm/application), 
++ = good epithelization (>7 mm/application), - = no epithelization, y= years, f= female, 
m = male, CVI = chronic venous insufficiency, AI = arterial insufficiency, DM = Diabetes mel- 
litus 


Case 


Age (y) 


f/m 


CVI 


AI 


No. of applications Epithehzation 


1 


62 


f 




X 


1 


++ 


2 


80 


f 


X 


x/DM 


2 


++ 


3 


70 


m 


X 




3 


+ 


4 


70 


m 


X 




2 


++ 


5 


69 


f 


X 




1 


- 


6 


72 


f 


X 




1 


++ 


7 


76 


f 


X 


X 


2 


++ 


8 


78 


m 


X 




5 


++ 


9 


55 


f 


X 




1 


++ 


10 


66 


f 


X 




6 


+ 


11 


46 


m 


X 




3 


- 


12 


83 


m 


X 




4 


+ 


13 


64 


m 


X 




3 


+ 


14 


68 


m 


X 


X 


2 


+ 


15 


76 


f 


X 




2 


+ 


16 


44 


m 


X 




2 


+ 


17 


65 


m 


X 


X 


3 


+ 


18 


36 


m 






4 


+ 


19 


64 


m 






1 


+ 


20 


71 


m 






1 


+ 


21 


80 


m 


X 




3 


+ 


22 


72 


f 


X 




1 


- 


23 


75 


f 


X 




5 


+ 


24 


77 


m 




x/DM 


3 


++ 


25 


61 


f 


X 




7 


++ 


26 


88 


f 




X 


6 


++ 


27 


59 


f 


X 




5 


+ 


28 


82 


f 


X 




1 


- 


29 


55 


f 


X 




3 


++ 


30 


63 


m 




DM 


4 


+ 


31 


60 


f 




x/DM 


3 


+ 


32 


76 


f 


X 


DM 


3 


+ 


33 


42 


f 


posttraumatic 


5 


+ 


34 


81 


f 




X 


3 


+ 


35 


59 


m 


X 




2 


+ 


36 


67 


m 




DM 


1 


- 



The advantages of our method are obvious. Autologous cells are easily and 
repeatedly available by epilation, application can be repeated with low risk of 
infections, no anesthetics are necessary, and long bed rests can be avoided. 
We try to shorten bed rests by actual exminations of granulation tissue taken 
every day after the application of keratinocytes by biopsy. Results reveal that 
the number of vital keratinocytes is reduced quickly within about three days 
after application. Thus, growth factors might play the most important role in 
modifications of our method. They may be added to the keratinocyte sus- 
pension before application, or the DMEM medium might be modified to in- 
duce a better activation of the cells. Finally, gene technology might also be- 
come involved to induce a forced production of growth factors. 
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CHAPTER 12 



Transplantation of Autologous Cultured Urothelium Cells 
onto a Prefabricated Capsule in Rats 

G. Wechselberger • T. Schoeller • A.C. Roth • S. Lille • R.C. Russell 



12.1 

Introduction 

Due to the limited supply of natural urothelium, urinary tract reconstruction 
using bowel or other biological or synthetic materials are often employed. 
These materials, however, frequently cause complications, including meta- 
bolic abnormalities, infection, perforation, stone formation, and increased 
mucus production. In addition, an increased rate of diverticular formation 
and malignancy have been associated with intestinal donor sites. An ideal so- 
lution would be to transplant autologously cultured urothelium. 

Human urothelial cells have been successfully cultured from tissue ex- 
plants to produce quantities of cells comparable to those produced from ker- 
atinocyte cultures used for the treatment of burn patients. Biodegradable 
polyglactin 910 scaffolds, coated and uncoated with collagen, and collagen 
sponge have been documented as delivery vehicles [1-3]. An optimal deliv- 
ery vehicle, however, for transplanting cultured urothelium cells has not yet 
been found. 

Because cultured autologous keratinocytes have been successfully trans- 
planted as single cells suspended in fibrin glue in burn patients, we hypothe- 
sized that fibrin glue could be successfully used as the delivery vehicle for 
transplanting urothelium cells in our immunologically intact animal model 
[4]. In order to determine its effectiveness, we transplanted these cells onto a 
prefabricated capsule created by a skin expander, since previous in vivo stud- 
ies have demonstrated successful results of skin grafting on capsular tissue [5]. 

A successful outcome of our study would help to define whether fibrin 
glue is a suitable delivery vehicle for transplanting autologous cultured uro- 
thelial cells with the ultimate goal of prefabricating vascularized tissue for 
optimal graft take. 

12.2 

Materials and Methods 

Twenty female wistar rats weighing 350-500 g were used to develop this 
model. Intraperitoneal Nembutal, at 45 mg/kg, was administered for anesthe- 
sia. All surgical procedures were done under sterile conditions using Cidex- 
sterilized instruments with the surgeon masked and using sterile gloves. The 
lower abdomen was shaved with an electric razor and sterile prepped. A 3- 
cm longitudinal skin incision was made in the lower abdomen in order to 
identify the bladder. A 0.5x0.5-cm area from the dome of the bladder was 
excised for urothelial tissue culturing. The created bladder defect was closed 
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in one layer by a running suture. A sterile spherical skin expander (2.7 cm 
dia., volume: 10 cc, CUI-Corporation) was placed underneath the left lateral 
abdominal skin and epigastric vessels through the same skin incision to cre- 
ate a capsule. The position of the implant was secured by suturing the subcu- 
taneous tissue to the muscle with a resorbable suture. The filler port was ad- 
vanced subcutaneous and secured between the shoulder blades. The expan- 
der was filled with 2 ml of sterile saline solution during the operation and 
postoperatively on days 2, 4, 6, and 8. After ten days, the animal was re- 
anesthetized as above and a second sterile laperotomy was performed. The 
capsule were incised, and the suspension of urothelial cells was injected in 
the space between the capsule and the expander. The capsule and skin was 
closed by a a running suture. One and two weeks after urothelial cell graft- 
ing, histologic samples of the new “bladder” were observed for the presence 
of viable cells by hematoxylin-eosin staining and immunohistochemical 
staining. The animals were euthanized, using a 1-ml intracardiac dose of 
Sleepaway (26% Sodium Pentobarbital). 



12 . 2.1 

Cell Harvest and Cell Culture 



Primary cell cultures were established from fresh bladder tissue specimens 
from the rat. Excess stromal tissue was removed aseptically under a stereo- 
microscope, using fine iridectomy scissors and forceps. Small pieces of the 
urothelium were washed two times in 0.02% ethylenediaminetetraacetic acid 
(EDTA) (Sigma, St. Louis, MO) and then incubated at 37°C for 1.5 hours 
with 0.25% trypsin (Gibco, Grand Island, NY) and 0.02% EDTA to create a 
single-cell suspension. Tissue debris was removed from the dish and the 
trypsin was inactivated with fetal calf serum. The cell suspension was centri- 
fuged for 10 minutes at 1000 rpm. The cell pellet was resuspended in Hanks 
Balanced Salt Solution (Gibco, Grand Island, NY) and recentrifuged. 

The urothelial cells were plated in Ham’s F-12 medium/Dulbecco’s modi- 
fied Eagle medium (DMEM) (Gibco, Grand Island, NY) in a 1:1 ratio, supple- 
mented with 10% fetal calf serum (Gibco, Grand Island, NY), 10 ng/ml cho- 
lera toxin (Sigma, St. Louis, MO), 0.4 pg/ml hydrocortisone (Sigma, St. 
Louis, MO), 5.0 |ig/ml insuhn (Sigma, St. Louis, MO), 5.0 pg/ml transferrin 
(Sigma, St. Louis, MO), 10 ng/ml epidermal growth factor (Collaborative Bio- 
medical), 100 U/ml penicillin and 100 pg/ml streptomycin solution (Sigma, 
St. Louis, MO), and 0.25 pg/ml Fungizone (Gibco, Grand Island, NY). 

The primary cultures became confluent after 4-8 days; then, the cells were 
stripped using the trypsin/EDTA solution and resuspended in 0.6ml Dulbec- 
co’s modified Eagle medium (DMEM), (Gibco, Grand Island, NY) (n=ll) or 
in the thrombin component of fibrin glue (Immuno AG, Vienna, Austria) in 
Group II (n = ll). At that time, quantitation of cell recovery by cell counting 
using a hemocytometer indicated that this method resulted in an average re- 
covery of 2.6x10^ viable cells (5x10^-6x10^) per sample of bladder tissue 
(n = 22). 
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12 . 2.2 

Histomorphologic Studies 

Samples were fixed with 10% formalin and routinely processed, embedded in 
paraffin, and cut vertically for hematoxylin-eosin (H8cE) staining. Addition- 
ally, immunohistochemical staining was performed on paraffin-embedded tis- 
sues with AEl and AES anticytokeratin monoclonal antibodies (Boehringer 
Mannheim, Indianapolis, IN). The rat-specific streptavidin biotin (LSAB) 2 
Kit (DAKO, Carpintene, CA), in which a biotinylated secondary antibody re- 
acts with several peroxidase-conjugated streptavidin molecules, was used for 
antibody detection. 

12.3 

Results 



12.3.1 

Group I (n=11): Transplantation of Cultured Urothelial Cells Suspended in DMEM 

Of the 11 rats that underwent grafting of cultured urotheUum cells on a pre- 
fabricated capsule, none had evidence of viable urothelium documented by 
staining with H8cE. Immunohistochemical staining with AEl and AES anticy- 
tokeratin antibodies were performed one and two weeks postoperatively and, 
as expected, showed no viable cells present. H&E staining revealed a mild in- 
flammatory response consistent with a foreign-body reaction and dense fi- 
brous tissue and vascular proHferation. 

12.3.2 

Group II {n = 11): Transplantation of Cultured Urothelial Cells Suspended 
in Fibrin Glue 

All 11 rats had evidence of viable urothelial cells demonstrated by staining 
one and two weeks postoperatively with H8cE or AEl and AE3 anticytokera- 
tin antibodies. As in Group I, H8cE staining showed a mild inflammatory re- 
sponse, dense fibrous tissue, and vascular proliferation. The cell populations 
appeared to expand from a single layer to several layers of thickness, with 
progressive cell organization following extended implantation times. 

12.4 

Discussion 

Our results demonstrate that urothelial cells can be successfully harvested, 
cultured ex-vivo, and transplanted onto a prefabricated capsule, using fibrin 
glue as a delivery vehicle. Moreover, we showed that cells pre-treated in iden- 
tical fashion to the fibrin-glue group but with standard culture media used 
as the delivery conduit failed to produce an adherent and viable cell layer. 

To get well-vascularized tissue supphed by a single pedicle, we created a 
capsule using a skin expander inserted beneath a dominant vessel. It has 
been shown that increasing vascularity and blood flow in flaps of isolated 
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Fig. 12.1. Urothelial cells 
suspended in fibrin glue 
grafted on a prefabricated 
capsule. (H&E, reduced from 
40x) 





# 



Fig. 12.2. AEl and AES staining of prefabricated capsule with urothelial cells two weeks 
after grafting. Note focus of urothelid cells in center of slide that stain for AEl and AES 
with surrounding inflammatory process (Reduced from 40x) 
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capsular tissue created by a skin expander provide enough inherent vascular- 
ity to support skin grafts in pig and rat models [5]. Laitung et al. [6] re- 
ported that the capsule adjacent to a dynamic implant such as a skin expan- 
der was more cellular and vascular than a capsule created by a static implant 
such as a silicon sheet. In our model, capsules created by skin expanders 
provided good conditions for the “take” of cultured urotheUal cells sus- 
pended in fibrin glue. 

In our search for a suitable delivery vehicle, we found that fibrin glue was 
successful in single-cell transplantation of cultured autologous keratinocytes 
in burn patients [4]. The same research group later discovered that single- 
cell transplantation of keratinocytes suspended in fibrin glue in nude mice 
showed typical basal membrane structures at day 14 post-grafting. Fibrin 
glue was also successfully used for precoating synthetic vascular grafts to 
promote endothelial cell attachment, for transplanting periosteal cells, and 
for the in vitro production of cartilage. Our model confirmed that fibrin glue 
is a suitable delivery vehicle for transplanting and adhering urothelium cells 
to a prefabricated capsule. Although transplanted as single cells, the cells 
spontaneously reorientated into layered structures resembling normal transi- 
tional-cell architecture. However, we were unable to produce an evenly dis- 
tributed urothelium fining. This may have been attributed to the fact that (1) 
the 2-week time-point of evaluation was too short to allow development of a 
layer of urothelium, and (2) the significant inflammatory response caused by 
the skin expander may have inhibited cell proliferation. 

To enhance cell growth and differentiation, removal of the expander at the 
time of cell transplantation may reduce inflammation and allow more time 
for cell development. The use of other potential growth promoters, such as epi- 
dermal growth factor (EGF), a potent in vivo growth factor for urothelial cells 
in rats and pigs, may also enhance urothelial cell proliferation. In addition, a 
recent wound-healing study revealed the successful transplantion of in-vitro- 
liposome-transfected human fibroblasts expressing the human EGF gene onto 
a full-thickness wound in nude mice [7]. The transfected fibroblasts were sus- 
pended in fibrin glue, which was used as the delivery vehicle. After transplan- 
tation, EGF was shown to be produced above physiological levels in vivo by the 
transfected fibroblasts. This method of gene transfer may also provide an addi- 
tional technique of stimulating proliferation of urothelium cells. 

We are currently investigating whether it will be possible to create an in 
situ capsule flap by placing a skin expander next to a dominant vascular 
pedicle (e.g., superfic. inf. epigastric pedicle), as described by Heymans et al. 
in their rat model. Following urothelial cell grafting on the capsule, this flap 
could be transferred on this isolated pedicle to reconstruct or augment blad- 
der defects. 
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CHAPTER 13 



Urothelial Cell Culture Behavior in Fibrin Glue 
Compared to Conventional Culture Medium 

T. ScHOELLER • G. Wechselberger • S. LYONS • A. Otto • R. C. Russell 



The modern field of tissue engineering has now successfully established cell 
cultures for nearly every tissue type of the human body including urothehum 
[1]. The next big step for a sophisticated defect repair using this technology is 
to overcome the problems of cell reimplantation. Only few reports in the litera- 
ture describe reimplantation of urothehal cell cultures [2,3]. A proven and suc- 
cessful graft take for reconstructive purposes is missing because simple reim- 
plantation into the organism and integration through revascularisation as used 
in skin grafts or ceratinocytes sheets has consistently failed in case of urothelial 
cells. The reasons, however, remain unclear. The highly differentiated cell type 
and the specific membrane protein complexes may require a special delivery 
vehicle. Such a delivery vehicle should contain several important features in- 
cluding high levels of biocompatibility and biodegradibility, less cytotoxity, 
and a high affinity to bind to biological surfaces. Encouraged by several re- 
ports of successful autologous cell transplantations using fibrin glue as a vehi- 
cle for different tissue types and the useful application of fibrin glue as a culture 
medium, we have investigated the cell behavior of urothelial cell cultures in fi- 
brin glue as compared to conventional medium [4,5]. According to our current 
research protocols, we tested the urothelial cell cultures taken from rats to grow 
in fibrin glue. H&E histology, electron microscopy, immunhistochemical exam- 
ination and flow cytometrie were used to evaluate the phenotypic cell expres- 
sion and cell proliferation rates. The implications of the extended survival rate 
in the fibrin glue group for future urinary defect reconstructions using tissue 
engineering techniques are discussed. 

13.1 

Materials and Methods 

The entire urothelial layer of the bladder of a four-month-old female Wistar 
Rat was used for cell harvest. Small pieces of the urothelium were washed 
two times in 0.02% ethylenediaminetetraacetic acid (EDTA) (Sigma, St. 
Louis, MO) and then incubated at 37 °C for 1.5 hours with 0.25% trypsin 
(Gibco, Grand Island, NY) and 0.02% EDTA to create a single-cell suspen- 
sion. Tissue debris was removed from the dish and the trypsin was inacti- 
vated with fetal calf serum (Gibco, Grand Island, NY). The cell suspension 
was centrifuged for 10 minutes at 1000 rpm. The cell pellet was resuspended 
in Hanks Balanced Salt Solution (HESS) (Gibco, Grand Island, NY) and re- 
centrifuged to obtain an appropriate cell concentration. 
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In group A (n=12) duplicate samples containing 5x10^ urothelium cells 
per ml were plated on wells (0 22mm) of a cell culture cluster in Ham’s F-12 
medium/Dulbecco’s modified Eagle medium (DMEM) (Gibco, Grand Island, 
NY) in a 1:1 ratio supplemented with 10% fetal calf serum, 10 ng/ml cholera 
toxin (Sigma, St. Louis, MO), 0.4 pg/ml hydrocortisone (Sigma, St. Louis, 
MO), 5.0 pg/ml insuHn (Sigma, St. Louis, MO), 5.0 pg/ml transferrin (Sigma, 
St. Louis, MO), 10 ng/ml epidermal growth factor (Collaborative Biomedical), 
100 U/ml penidUin and 100 pg/ml streptomycin solution (Sigma, St. Louis, 
MO) and 0.25 pg/ml Fungizone (Gibco, Grand Island, NY). 

In group B (n=12) the urothehum suspension containing 5xl0^cells per ml 
was homogeneously mixed with the thrombin/CaCl 2 component of the tested 
fibrin glue (Immuno AG, Vienna, Austria). Duplicate samples of 0.1 ml were 
added to the dish and 10 minutes later, after the glue had coagulated, supple- 
mented with DMEM. The (human) freeze-dried sealer protein concentrate 
contained 100 to 130 mg/ml total protein (70 to 110 mg/nil fibrinogen, 2 to 9 
mg/ml plasmafibronectin (GIG), 10 to 50 U/ml Factor XIII, 0.04 to 0.12 mg/ 
ml plasminogen) and was dissolved with a bovine aprotinin solution (3000 
KlU/ml). The thrombin component 500 lU/ml was mixed with a 40 mmol/ml 
calcium chloride solution and fibrinogen with 3000 KIE/ml aprotinin. 

Examination of culture cells. From day 1 to 12, samples of both groups 
were harvested and examined daily by the following procedures: (1) Direct 
microscopical observations (inverted phase) of the cultures in the dishes, (2) 
Histologic observation of paraffin embedded hematoxylin-eosin stained sec- 
tions, (3) Transmission electron microscopy: the cultured cells and the fibrin 
glue detached from the dish were fixed in 2.5% glutaraldehyde and processed 
by standard methods, (4) Immunhistochemical staining was performed on 
selected paraffin-embedded sections with a primary antibody against PCNA 
(DAKO, Carpinteria, CA) followed by biotinylated secondary antibody and 
3,3’ diaminobenzidine tetrachloride (Sigma, St. Louis, MO) as a chromogen 
in the avidin-biotin complex and (5) Daily Flow Cytometry DAN analysis in 
an unimodal histogram after dissolving the clots in group B with 1 ml of 1% 
CoUagenase CLS4 (Worthington, Freehold, NJ) and incubation for 90 minutes 
at 37°C. 

13.2 

Results 

All cultures were examined through a inverted phase microscope to exclude 
contaminated cultures and to observe the proliferation dynamic. The HScE- 
staining of the group A culture showed in the first three days nests of begin- 
ning epithelial clusters, whereas in the fibrin glue group B only single cells 
were found without a tendency for colony formation. The glue resembled a 
smooth sheet of embedding media. After seven days the cells in group A 
formed a confluent monolayer. The fibrin glue group meanwhile formed mul- 
tilayers with 2-3 cells thickness. After day seven the cells from group A 
started to detach from the dish and died on day 10. At that time the other 
group showed a healthy multilayer with all cells viable and still active ac- 
cording to the immunhistochemical analysis, but the fibrin glue started to 
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disintegrate. These findings were confirmed by electron microscopy examina- 
tion (see Fig. 13.1). The flow cytometry evaluation of each group on every 
day revealed a peak of proliferation activity in group A on the fifth day com- 
pared to day eight in the fibrin glue group. The S-phase counts (see 
Fig. 13.2), the parameter of cell differentiation and growing dynamic, of the 
daily samples showed except for the first three days significant higher counts 
in group B. The sum of each count, the percentage as well as tie absolute 
number, over the observation period of 12 days was 2.9 times bigger in 
group B compared to group A. From day seven on the immunhistochemical 
staining could prove only in the fibrin glue culture a proliferation activity 
(see Fig 13.3). 



Fig. 13.1. (a) Electron Micro- 
scopy of day seven control 
group A cultured in regular 
medium; detached cells show 
signs of apoptosis, (b) day 
seven of group B cells cul- 
tured in fibrin glue, the cells 
a viable and surrounded by 
glue 
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Fig. 13.2. (a) Histogram on day seven of group B showing a much higher S-phase counts 
then (b) control group A on the same day 
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Fig. 13.3. (a) H&E Histology 
of day ten in group B sur- 
rounded by fibrin glue and 
(b) inmiunhistochernical 
staining with a primary anti- 
body against PCNA proving 
a proliferation activity even 
on day ten whereas in group 
A no viabihty or activity was 
evident 





13.3 

Discussion 

A variety of pathologic conditions require urinary reconstruction. Since na- 
tive urothelium is in short supply, the bowel, biological or synthetic materi- 
als are used for reconstruction. However, these materials are associated with 
numerous complications, including metabolic abnormalities, infection, per- 
foration, and stone formation. To avoid these compHcations an ideal solution 
would be to transplant autologously cultured urothelium. Human urothelial 
cells have been successfully cultured and expanded in vitro from biopsies to 
produce quantities of cells comparable to those produced from keratinocyte 
cultures and used for the treatment of burns. However, due to the highly dif- 
ferentiated cell function of this epithelium and the specific membrane pro- 
tein complexes, the graft survival rate is not comparable to that in keratino- 
cyte transplantations. To improve the survival rate we used in an animal ex- 
periment fibrin glue as a delivery vehicle for culture reimplantation and 
found that only the urothelial transplants within the fibrin glue matrix could 
survive an autologous reimplantation, whereas reimplantation with cells sus- 
pended in their culture medium did not provide sufficient cell survival. To 
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prove whether fibrin glue has besides its described advantages of biological 
adhesion also a positive effect on cell dynamic in cultures, we compared the 
culture behavior of urotheHal cells in fibrin glue with the conventional cul- 
ture medium, Dulbecco’s modified Eagle medium, which is mainly used in 
all Hterature reports. 

Our results demonstrate that urotheHal cells can not only be transplanted 
via the vehicle of fibrin glue but can also be successfully cultured in this ma- 
trix. Furthermore, we could show that the cells in the fibrin glue group sur- 
vived longer (11 days compared to 7 days). This property is important for re- 
implantation and might be the key to bridge the gap in which the ceU is 
nourished by diffusion of extracellular fluid until the revascularisation and 
definitive incorporation arrives. Proliferation rate measurements were signifi- 
cantly higher in the fibrin glue group and the curve of ceU dynamic and dif- 
ferentiation was shifted towards right. That means differentiation started 
later but was enhanced. Beside this positive effect fibrin glue provides a tight 
attachment for the cells to the future recipient site and allows ceU migration, 
later resorption and tissue replacement by mesenchymal induction. There- 
fore we can conclude from our results that fibrin glue is an optimal transpor- 
tation vehicle to reimplant urothelial cell cultures and opens the field for so- 
phisticated urinary reconstructions using tissue engineering and prefabrica- 
tion techniques. 
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Abstract 

The use of demucosalized gastrointestinal segments for bladder augmenta- 
tion is limited by shrinkage and fibrosis occurring during the reepithelializa- 
tion process. Shrinkage and fibrosis was shown to be reduced by early and 
complete urothelial coverage of the gastrointestinal segment. Transplantation 
of in vitro expanded autologous urothelial cells was suggested to achieve rap- 
id epithelial coverage of gastrointestinal segments. We have shown that com- 
plete reepithelialization as well as differentiation of in vitro expanded urothe- 
lial cells can be achieved in vivo as early as two weeks after transplantation 
onto demucosalized gastrointestinal segments. For transplantation we used 
cells grown on collagen type I membranes, hyaluronic acid membranes, or 
urothelial cells incorporated into fibrin gels. Most successful with respect to 
complete reepithelialization and differentiation was the transfer of urothelial 
cells grown on collagen type I membranes. However, shrinkage and fibrosis 
of the gastrointestinal segments were not prevented by the rather rapid re- 
epithelialization achieved with urothelial cells grown on collagen membranes. 
We are currently investigating whether transplantation of an already differen- 
tiated multilayered urothelium or distension of gastrointestinal segments pre- 
vents shrinkage and fibrosis. 

14.1 

Introduction 

Gastrointestinal segments have been used for bladder augmentation but run 
the risk of multiple short-term and long-term complications [e.g., 1-6]. 
These complications are thought to be caused by the presence of gastrointes- 
tinal mucosa in the urogenital tract [7]. To avoid these complications, blad- 
der augmentation with demucosalized gastrointestinal segments has been in- 
augurated [8, 9]. However, during reepithelialization of the demucosalized 
segments with resident urothelial cells, fibrosis and shrinkage occur [10-14], 
leading to severe impairment of the storage capacity and compliance of the 
“neobladder.” It has been reported, though [13-16], ihat shrinkage can be re- 
duced by rapid reepithelialization of the incorporated demucosalized gastro- 
intestinal segments. Furthermore, it has been reported that complete cover- 
age of the raw muscle surface as soon as the mucosa has been removed pre- 
vents inflammatory and regenerative fibrotic changes [12, 14, 17-19]. Auto- 
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logons urothelial cells expanded in vitro [20, 21] and grown on biocompati- 
ble matrices [22-27] are discussed as a possible source for urothelium for 
immediate and complete coverage of the incorporated gastrointestinal seg- 
ments. Since the transplantation of other autologous epithehal cells, such as 
keratinocytes grown on matrices containing collagen type I [28, 29] and hya- 
luronic acid [30] or incorporated in fibrin gels [31], has been successful we 
estabhshed urothelial cell cultures on the respective matrices. These grafts 
were transplanted onto demucosaHzed gastrointestinal segments and histolo- 
gically tested for their capacity to reepithehahze the gastrointestinal seg- 
ments and to differentiate into a multilayered epithelium. Of particular inter- 
est was the inflammatory and regenerative fibrotic reaction of the submuco- 
sal and muscular connective tissue after transplantation. 

14.2 

Materials and Methods 



14 . 2.1 

Surgical Procedures 
Animals and Anesthesia 

The study was performed with sheep with weights ranging from 9.3 to 19.9 kg 
(mean: 12.7 kg). Operations were performed under general anesthesia induced 
by intravenous propofol, followed by tracheal intubation and controlled venti- 
lation with N 2 O/O 2 (2:1) and 1.5% halothane. Intraoperatively, 500-750 ml 
Ringer’s solution was administered intravenously. A long-acting cephalosporin 
was given before surgery and during the following five days. According to the 
approved protocol (Animal Ethics Committee, Mannheim), each animal under- 
went two operations, briefly described as follows. Animals were sacrificed 14- 
21 days after transplantation with a lethal dose of barbiturate. 

Biopsy of the Bladder 

A 2-cm^ bladder mucosa biopsy was taken from each animal through a lower 
midline laparotomy after splitting the detrusor at the dome of the bladder. 
The defect was closed with a running full-thickness suture. 

Transplantation of Cultured Urothelium into Gastric and Colon Pouches 

The stomach was exposed through a midline laparotomy, and a gastric seg- 
ment pedicled on right gastroepiploic vessels was isolated and demucosalized 
as described previously [16]. Hemostasis was carefully achieved with wet 
gauze and gentle diathermy. The gastric segment was then spread out be- 
tween mosquito clamps and the submucosal surface sprayed with a thin layer 
of fibrin glue (Immuno, Heidelberg, FRG, No. B 13310). Immediately, the 
membrane cultured with urothelial cells or the urothelial cells containing fi- 
brin gel were inversely placed on top, avoiding tension or blistering. The 
graft was trimmed with scissors and sutured to the edges of the gastric 
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patch. For the fibrin gels, a fibrin filling was appHed to distend the pouch. In 
a last step, the patch was sewed up and the resulting pouch was stitched to 
the peritoneum of the lateral abdominal cavity before closure (5/0 PDS). 

Other sheep underwent a lower midline laparotomy, and the sigmoid co- 
lon was exposed. An 8 to 10-cm segment was isolated by separating the me- 
sentery but leaving it attached to the main vessels. Between soft clamps the 
segment was resected and the bowel reanastomosed with interupted resorb- 
able running sutures through all layers (5/0 Vicryl). The segment was opened 
along the antimesenteric border and the mucosa meticulously stripped off 
with flat forceps. Bleeding was stopped with wet gauze only. Cultured urothe- 
lium on membranes or urothelial cells in fibrin gels were applied as de- 
scribed for the gastric segment. The pouch was fixed to the peritoneum simi- 
larily. 

The Retrieval of Pouches 

After the sheep were sacrificed the abdomen was opened through a midhne 
laparotomy, and the pouches were once again prepared, removed, and fixed 
in 5% paraformaldehyde in PBS. Pouches were retrieved at day 14 or 21; one 
animal had to be sacrificed 4 days after transplantation because of sepsis. 



14 . 2.2 

Cell Culture Procedures 
Urothelium Cell Culture 

Urothelium cell culture medium consisted of DMEM (Gibco, No. 41966-029)/ 
Ham’s F12 (Gibco 21765-019) at 3:1, 10% FCS (Sigma, Deisenhofen, FRG, 
No.) 8x10"^ M adenine (Sigma, Deisenhofen, FRG, No. A 9162), 5 pg/ml insu- 
lin (Sigma, Deisenhofen, FRG, No. I 5500), 5 pg/ml transferrin (Sigma, FRG, 
No. T 2158), 2x10“^ M tri-iodothyronine (Sigma, Deisenhofen, FRG, No. 
T 6397), 0.4 pg/ml hydrocortisone (Sigma, Deisenhofen, FRG, No. H 0396), 
5x10"^ M forskolin (Sigma, Deisenhofen, FRG, No. F 6886) and 10 ng/ml epi- 
dermal growth factor (EGF; Sigma, Deisenhofen, FRG, No. E 4127). 

Urothelial cell culture was performed according to the feeder layer techni- 
que of keratinocyte culture as described by Rheinwald and Green [32], which 
has been used for urothelial culture by Petzoldt and co-workers [20] and by 
Hutton and co-workers [22]. A 2-cm^ biopsy was transported to the cell cul- 
ture laboratory in cold Dulbecco’s Modification of Eagles Medium (DMEM) 
supplemented with 100 lU/ml penicillin and 50 pg/ml streptomycin. The 
bladder biopsy was cut into 0.5-cm^ pieces. Urothelial cells were obtained by 
overnight trypsination (10 ml of 0.3% trypsin; Boehringer Mannheim, FRG, 
No. 210 234); 0.1% glucose, 0.04% KCl, 0.15 M NaCl at 4°C. Subsequently, 
the urothelial cells were isolated by gently scraping off the mucosa. Prior to 
seeding of the isolated urothelial cells, lethally irradiated Swiss mouse 3T3 
cells were cultured overnight in urothelium growth medium containing 50 
jig/ml gentamycin (Gibco, Eggenstein, FRG, No. 15710-031) and 100 pg/ml 
streptomycin/ 100 lU/ml penicillin (Gibco, Eggenstein, FRG, No. 15140-114). 
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Urothelial cells were grown in a humid atmosphere at 37°C and 7% CO 2 . 
Cells were passaged by trypsin-EDTA-treatment (5 min 0.02 EDTA, 5 min 

0. 1% trypsin/0.02% EDTA) at 50-70% confluency. 

Preparation of Urothelium Covered Membranes 

Prior to seeding of the urothelial cells on the collagen membranes (Collagen 

1, Tissu-Fascie, Innocoll, Saal, FRG), hyaluronic acid membranes (Laserskin®, 
Jaloskin®, Fidia Advanced Polymers srl, Abano Terme, Italy) were incubated 
overnight in urothelial growth medium containing antibiotics. On the mem- 
branes, 0.75x10^ 3T3 feeder cells/cm^ were seeded. The next day, trypsinized 
urothelial cells (1x10^ cells/cm^) were added in antibiotic-free medium. Cells 
were grown for five days in a humid atmosphere at 37°C and 7% CO 2 . The 
medium was changed every two days. For every animal, two membranes of 
each were prepared. One collagen membrane was transplanted and the other 
served as control, i.e., it was stained with 3,3'-Diocadecyloxacarbocyanine 
perchlorate (DIOC) to estimate the confluency of the cells and to demon- 
strate that cells after five days of culture on the collagen membrane were still 
alive. 

For the preparation of fibrin gels, urothelial cells were trypsinized and 
mixed into 20 ml 1:10 urothelial growth medium diluted with fibrin/aproti- 
nin (Tissucol®-Kit, No. P167419503S, Immuno, Heidelberg). Gels were 
poured into a petri dish (diameter = 9 cm) and allowed to polymerize for ap- 
proximately four hours. (The number of cells incorporated in the gel was 10^ 
cells per cm^ petri dish.) 

For control purposes, two collagen membranes and one Jaloskin® mem- 
brane as well as one fibrin gel were prepared without cells. Membranes and 
gel were treated similarily to the membranes/gel grown with urothelial cells. 



14.23 

Histology 

3,3'-Diocadecyloxacarbocyanine Perchlorate (DIOC) Staining 

Membranes were incubated for 2-3 seconds in 3,3'-Diocadecyloxacarbocya- 
nine perchlorate (DIOC; Sigma, Deisenhofen, FRG, No. D 4292) solution 
(diluted 1:100 in IxPBS), washed shortly in IxPBS and examined with a 
Standard 16 Zeiss fluorescence microscope (Zeiss, Jena, FRG). 

Histology 

The pouch samples for histology were prepared according to routine proto- 
cols for paraffin embedding. Sections of 3 pm were stained with H&E. 
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14.3 

Results 

14.3.1 

Culture of Urothelial Cells on Matrices 

Urothelial cells adhered and grew well on all matrices tested. In the case of 
the Laserskin®, growth was only detectable in the non-perforated, not in per- 
forated areas of the hyaluronic acid membrane. In the case of the hyaluronic 
acid membrane Jaloskin®, a continuous cell layer was observed. Transplanta- 
tion was therefore performed with urothehal cells grown on Jaloskin®. In 
most of the cases, cultures reached 70-100% confluency on collagen mem- 
branes and on Jaloskin® membranes within six days of culture. 

Prior to transplantation, control membranes were stained with the vital 
cell stain 3,3'-Diocadecyloxacarbocyanine perchlorate (DIOC). Stainings re- 
vealed that cells were viable in all cases. Therefore, failure of transplantation 
was not due to minor cell vitality at the day of transplantation (Fig. 14.1 A). 
Moreover, cells were found to grow mostly as monolayer within the six days 
of culture, as judged by histology (H8cE staining of transverse section of the 
membranes, data not shown). 

When fibrin gels were used, urothelial cells were grown to 70% confluency 
in flasks. On the day of transplantation, cells were isolated by trypsination, 
and urothelial cells containing fibrin gels were prepared. A control gel was 
set up and stained with 3,3'-Diocadecyloxacarbocyanine perchlorate (DIOC). 
Urothelial cells were shown to be viable and to be homogeneously dispersed 
as mostly single cells in the gel (Fig. 14.1 B). 



14.3.2 

Handling of Grafts During Surgery 

Collagen membranes were easily incorporated into the pouches. They ad- 
hered without blisters on the demucosalized surface and were trimmable and 
suturable. Jaloskin® transplants were rather rigid and therefore the adher- 
ence of membranes to the wound surface was poor. Furthermore, Jaloskin® 
membranes were torn at the edges when sutured to the wall of the pouch. 
For these reasons, Jaloskin®/urothelial graft were applied in only two 
pouches. Fibrin gels as well as collagen membranes, adhered well, could be 
trimmed to the size required for the pouch, and were incorporated by simply 
sewing up the pouch. 



14.3.3 

Transplantation Results 

After two to three weeks the animals were sacrificed, the pouches removed, 
fixed in formalin, and analyzed by H&E histology. The removed pouches 
were smaller than the originally prepared bowel segments and upon palpa- 
tion, fibrotic areas were found. Of 22 pouches, 17 displayed histological evi- 
dence for urothelium-like epithelium (data summarized in Table 14.1). 
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Fig. 14.1. 3,3'-Diocadecyloxacarbocyanine perchlorate (DIOC) staining of urothelial cells 
grown on collagen membranes (A) or of urothelial cells incorporated into fibrin gel (B). 
H&E staining of section from pouches suppHed with urothelial cells grown on collagen mem- 
brane (C) or fibrin gels (D). Note the mononuclear infiltration of the subepithefial tissue in (C) 
and (D) 



Table 14.1. Histological evidence for urothelium in transplanted pouches 





Stomach pouch 


Colon pouch 


Collagen membrane 


8 (9) 


5 (7) 


Hyaluronic acid: Jaloskin 


1 (1) 


1 (1) 


Fibrin glue 


1 (2) 


1 (2) 



In 13 of the 16 pouches supplied with urothelium-covered collagen mem- 
branes, urothehal structures were identified; in 10 cases, a multilayered uro- 
thelial-like epithelium was demonstrable (Fig. 14.1 C), whereas in 3 pouches 
only islets of urothelium-like epithelium were found. Seven of the 10 pouches 
that demonstrated a multilayered urothelium-like epithelium were epithelial- 
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ized completely, with a lumen in the center of the pouch. In 3 cases, transplan- 
tation was apparently unsuccessful. In these cases only minor confluency (10- 
40%) of urothelial cells on the collagen membranes prior to transplantation was 
observed. Most interestingly, remnants of the collagen membranes could not be 
demonstrated histologically, indicating a complete degradation and organiza- 
tion of the membranes as early as two/three weeks after transplantation. 

In the two animals transplanted with a Jaloskin®/urothehal graft, small is- 
lets of urothelial epithelium were demonstratable. The membranes were 
folded in the lumina of the pouches. 

The pouches of animals supplied with fibrin gels were positive for urothe- 
lium in half of the cases. Again, only islets of urothelium were found 
(Fig. 14.1 D). The lumina of the pouches were filled with fibrin - most likely, 
remnants of the fibrin filling -, which showed only minor infiltration with 
mononuclear cells. Lumina were undetectable in cases where no urothelium 
was demonstrable. 

In all cases, regardless of the material used for transplantation, the subepi- 
thelial connective tissue was infiltrated to various degrees with mostly mono- 
nuclear cells (Fig. 14.1 C, D) and fibrotic areas could be demonstrated as 
early as two weeks after transplantation. In respect to scarring and fibrosis, 
no differences were observed between the animals transplanted with urothe- 
lium and the animals transplanted with cell-free carriers. 

14.4 

Discussion 

The present study was inspired by the idea that early and complete epithelial 
coverage of demucosalized gastrointestinal segments for bladder augmenta- 
tion prevents shrinkage and fibrosis that counteract augmentation results 
[10-14]. As current cell culture techniques allow the expansion of urothelial 
cells [20, 21], the coverage with in vitro grown autologous urothelium ap- 
pears feasible. In the present study we prove that as early as two weeks after 
urothelial cell transplantation, survival, epithelialization, and differentiation 
on demucosalized segments occur. 

Since urothelial cells cannot be harvested as a sheet, their culture has to 
be performed on a support matrix. Several authors have shown that urothe- 
lial cells will grow on collagenous matrices [22-26]. Furthermore, keratino- 
cytes grown on collagenous matrices have been successfully applied for kera- 
tinocyte transplantation in animal models [28, 29]. In view of the reported 
observations, we decided to grow urothelial cells on collagen type I matrices. 
As an alternative, hyaluronic acid membranes [30] and fibrin gels [31] were 
used as carriers, both of which have been found to work well for keratino- 
cyte cultures. Furthermore hyaluronic acid membranes have already been 
used as urethra substitutes [33]. Our data are in line with the reported in vi- 
tro growth features of urothelial cells on coUagenous matrices [22-26] and 
extend them in that urothelial cell growth can be achieved on hyaluronic 
acid membranes, too. In addition, collagen I membranes, hyaluronic acid 
membranes, and fibrin glue were shown to allow transfer of in vitro cultured 
urothelial cells into demucosalized gastrointestinal segments. However, 
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epithelialization and differentiation of the transplanted urothelial cells de- 
pended largely on the type of matrix used and/or their behaviour after trans- 
plantation. In this respect, collagen membranes were superior to fibrin gels 
and hyaluronic acid membranes. Cells grown on collagen membranes com- 
pletely epithelialized the pouch after transplantation and differentiated into a 
multilayered epithelium; this could not be observed in the two latter ma- 
trices, despite the local survival of transplanted cells. This may have several 
reasons. Hyaluronic acid membranes did not adhere to the wound surface. 
Thus, the amount of cells finally transferred onto the surface of the 
woundbed is uncertain. Since we have shown that a critical amount of cells 
is required for successful transplantation (i.e., confluency status of approxi- 
mately 70% on collagen membranes), carriers consisting of hyaluronic acid 
cannot be finally assessed. For further investigations in a similar model, the 
composition of the hyaluronic acid carrier has to be modified. 

Fibrin gels are easily prepared, and the concentration of cells can be con- 
trolled. However, the critical density of cells required for successful trans- 
plantation of three-dimensional gels has not yet been determined. The con- 
centration of 10^ cells/cm^ which we have used is apparently not enough for 
complete epithelialization, although transfer of at least some cells onto the 
surface of the gastrointestinal segment occurs. In this respect, our data are 
reminiscent of findings by Rouabhia and coworkers [34], who demonstrated 
that for successful set-up of epidermal grafts, a minimum of 10^/cm^ kerati- 
nocytes is required. 

All pouches analyzed two/three weeks after transplantation showed consid- 
erable shrinkage and fibrosis, which was confirmed histologically. The appli- 
cation of our model for bladder augmentation is therefore still not favour- 
able for use in animals, since it cannot guarantee a functionally sufficient 
neobladder. To finally evaluate the effect of epithelial coverage, we are cur- 
rently investigating whether the transplantation of in vitro differentiated uro- 
thelium (we have used cells grown predominantly as monolayers) accelerates 
reepithelialization even more and might match more closely the situation in 
which autoaugmentation and seromuscular augmentation have been com- 
bined [12, 14, 17-19]. The interaction between mesenchymal and epithelial 
cells may be different according to the differentiation status of the epithelium 
[34]. Further possible solutions could be: distension of the pouches or the 
use of a carrier consisting of a matrix with different components, e.g., col- 
lagen type I matrices with chondroitin-6-sulfate [28, 36, 37] or even the use 
of cytokines such as TGF y? 3 , which favours reepithelialization without pro- 
moting scarring [38, 39] or inhibitory antibodies to “fibrotic” cytokines such 
as TGF ^ 1 , which is a known inducer of fibrosis [40-42]. 
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15.1 

Introduction 

Nowadays, destroyed or diseased human tissue can successfully be tissue en- 
gineered, combining modern techniques of purified cell isolation, in vitro 
culture in growth-defined media, and growth in three-dimensional scaffolds 
of extracellular matrix components. While this enables the replacement of 
skin and cartilage defects, it has not been possible to apply these techniques 
to replace human liver tissue or to support liver regeneration for several 
days. The availability of human liver tissue is restricted to operations due to 
trauma, tumor growth, and liver transplantation. Parenchymal human liver 
cells cannot be expanded in vitro like other epithelial cells, because prolifera- 
tion stops after one or two rounds, in spite of using various growth factors 
[1]. Therefore, many groups have developed culture models based upon 
either animal hepatocytes or transfected human cell lines in order to provide 
sufficient quantities for temporary liver support [2, 3, 4]. 

However, effective liver support therapies require synthetic functions (e.g., 
protein production, including clotting factors) and metabolic properties for 
the elimination of toxins (e.g., of bile-soluble substances). These complex 
mechanisms depend on cellular interactions of adjacent liver cell popula- 
tions. Moreover, the unique liver architecture involves an independent blood 
supply of portal and arterial blood and the formation of metabolic zones 
within hepatic lobuli. A further three-dimensional structure is provided by 
the bile duct system, starting from bile canaliculi between adjacent hepato- 
cyte sand ending at the common bile duct. 

Conventional hepatocyte cultures stop growing in vitro after a few days 
and rapidly lose many of the differentiated functions. However, it has been 
shown that the maintenance of hepatic functions can be temporarily im- 
proved by the application of extracellular matrix compounds or the co-cul- 
ture with liver epithelial cells from other species [5-6]. Cell proliferation 
could be induced by the addition of hepatic growth factors [7-8], but this 
was usually accompanied by a progredient loss of cell differentiation. 
Although human liver cells would ideally best suit these requirements, it has 
not been possible to isolate and grow them in sufficient number. In addition, 
important physiological functions, e.g., bile secretion, could only be studied 
when small tissue fragments were dissected and maintained for a few hours 
[9]. With regard to specific liver diseases that often affect the bile ductular 
system (primary biliary cirrhosis, sclerosing cholangitis, and biliary atresia), 
animal models cannot be used for further investigations. Finally, a rational 
therapy cannot be offered, making liver transplantation the only option to 
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save the patient’s life, although the primary defect is hmited to a single liver 
cell population. 

Hepatocyte transplantation has not proven to be efficient in human beings 
but has not been examined in a co-culture setting. Keeping in mind that 
nonparenchymal hver cells can be isolated and expanded from needle biop- 
sies [10], options exist to isolate and grow the different liver cell populations 
in a three-dimensional matrix scaffold for the establishment of tissue engi- 
neered liver. 

We have therefore developed a co-culture model using human hepatocytes 
(HC) and intrahepatic biliary epithelial cells (BEG) in a collagen gel config- 
uration. We have examined whether the growth and morphology of human 
liver cells can be induced under these conditions in a tissue-like manner. In 
particular, we have studied the effect of added growth factors and factors re- 
leased by co-cultured cells. Our aim was to provide a system that would im- 
prove both hepatocyte and biliary functions. 

15.2 

Materials and Methods 

Normal liver tissue (150-250 gr) was obtained from segments surgically removed 
from reduced-sized liver transplant donor organs (n = ll) ov from diseased liver 
tissue of the recipient (n = 12), Hepatocytes (HC) were isolated by coUagenase 
perfusion as described before [8]. Cells were plated at 3-5x10^ HC/ml into 35- 
mm culture plates coated with collagen gel. Following attachment for 2 hours, 
cells were washed and were then refed with serum-free Williams medium E sup- 
plemented with insulin (100 nmol/L), hydrocortisone (5 pmol/l), penicillin (100 
U/ml) and streptomycin (100 pg/ml). Williams was used alone or with 10 ng/ml 
human recombinant hepatocyte growth factor (HGF) or with 10 ng/ml epidermal 
growth factor (EGF). For the preparation of conditioned medium (CM), super- 
natants of co-cultures grown in Williams medium were collected after 24 hours, 
filtered, and mixed with 50% fresh Williams medium. 

Intrahepatic human biliary epithelial cells (BEC) were isolated from 30- 
50 g segments of liver by a highly purified immuno-isolation technique, as 
previously described [11]. Generally, BEC were isolated the following day and 
added 24 hours after HC plating. The preparation of 30 gr liver tissue yield- 
ing on average 3x10^ BEC was spread to a final concentration of 1x10^ BEC/ 
ml culture medium. Thus, BEC were added onto the nearly confluent HC 
layer in a proportion of 2.5%-3.5%. 

An amount of 0.5 ml rat tail collagen gel, prepared as described by Dunn, 
Yarmush and co-workers [5], was applied to the culture plates as a double 
gel (DG) 24 hours after BEC plating. Proliferation was determined by BrDU 
staining. 

Cell morphology was assessed by light and deconvolution microscopy, 
using an Improvision software system (Improvision, Coventry, UK). For fluo- 
rescence microscopy, the culture medium was supplemented for 10 minutes 
to 20 |imol/l cholyl-lysyl-fluorescin (kindly prepared and provided by Dr. 
Charles Mills), and the respective phase contrast and fluorescence images 
were taken with the deconvolution microscope. Albumin levels of 24 hour 
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Fig. 15.1. Co-culture of nor- 
mal human HC with EEC in 
collagen double gel. EEC ag- 
gregates, surrounded by 
nearly confluent HC, begin 
to establish cyst-like struc- 
tures after 1 week of culture 
in serum-free media (magn. 
X125) 




Fig. 15.2. Co-cultured human 
HC adjacent to a three-di- 
mensional, cyst-like EEC 
cluster of spneroidal shape. 
Cells are cultured in serum- 
free media (magn. x250) 




Fig. 15.3. Co-cultured human 
liver epithelial cells stained 
for ErDU after 3 weeks of 
culture in serum-free media. 
A large number of nuclei are 
labelled, indicating DNA 
synthesis (magn. x250) 




periods were determined immuno-turbodimetrically using a Cobas Mira cen- 
trifugal analyser (Hoffmann La Roche) with rabbit anti-human albumin anti- 
serum (Dako) and normal human serum with assigned albumin concentra- 
tion as a standard. Results show means of triplicate experiments ±SD. 
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153 

Results 



153.1 

Long-term Culture of Co-Cultured HC and BEC 

In serum-free media, co-cultured hepatocytes (HC) and biliary epithelial cells 
(BEC) grew in serum-free Williams medium over prolonged periods exceed- 
ing 7 weeks. During the first culture week in collagen double gel, BEC re-or- 
ganized to three-dimensional cyst-like formations surrounded by a nearly 
confluent layer of HC (Figs. 15.1 and 2). Co-cultured human liver epithelial 
cells proliferated in the absence of added growth factors, as demonstrated by 
high BrDU labelling in the first month of culture (Fig. 15.3). The co-cultures 
could successfully be subpassaged using collagenase, and expressed typical 
markers by immunohistochemical methods (HC characterized by albumin, 
BEC stained positive for Cytokeratin-7, -19, and HEA 125). From cyst-like 
structures, BEC began after 2-5 weeks to grow out in tubular formations into 
the collagen gel. Ductular branches with clearly identifiable lumen were 



Fig. 15.4. Co -cultured human 
BEC forming tubular struc- 
tures after 6 weeks of culture 
in serum-free media in col- 
lagen gel. Note the columnar 
cell shape of the three-di- 
mensional, well-organized 
BEC within the aggregate 
(magn. x500) 




Fig. 15.5. Composite image of 
a tubular BEC structure, ex- 
amined by phase and fluo- 
rescence deconvolution mi- 
croscopy. The hollow duct 
lumen, as seen on the upper 
right, is visualized by a high- 
er fluorescence, following 
the addition of cholyl-lysis- 
fluorescin (upper left). When 
marking the duct wall 
formed by BEC, the slightly 
illuminated ductule can be 
clearly identified as the duct 
lumen (lower left and right) 
(magn. x500) 
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formed by polarized, columnar biliary epithelial cells, gradually establishing 
a network of anastomosing bile ducts (Fig. 15.4). When fluorescent bile acids 
were supplemented to the culture medium, tubular ducts of bile epithelial 
cells could be identified by fluorescence concentration within the duct lumen 
(Fig. 15.5). This suggests that these BEG structures may be capable of fulfill- 
ing appropriate physiological functions in vitro. 



153.2 

Three-dimensional Morphogenesis of Co-cultured Human BEC 

In order to examine the factors involved in three-dimensional morphogenesis 
of BEC, we counted the number of cyst-like structures per well, depending 
on the culture medium used. In contrast to findings of other groups using 
transformed cell lines, we could not demonstrate a positive effect of HGF 
compared to the control medium (Fig. 15.6). On the other hand, co-cultures 
in EGF demonstrated a higher degree of bile ductular formations. Most strik- 
ingly, co-cultures in CM exhibited a significantly greater number of three-di- 
mensional structures of BEC. These observations indicate that co-cultured 
human HC and BEC produce effective growth factors capable of enhancing 
the growth and differentiation of epithelial liver cells. 



1533 

Albumin Production of Co-cultured HC 

Co-cultured human HC and BEC secreted albumin for more than 5 weeks in 
vitro. Albumin levels were enhanced by the addition of growth factors, as 
well as the application of CM from previous cocultures. Again, we made the 
important observation that co-cultures of HC and BEC were capable of im- 
proving and maintaining albumin levels obtained from HC alone (Fig. 15.7). 
Therefore, CM must contain factors beneficial for BEC differentiation but 



Fig. 15.6. Number of three-di- 
mensional cyst-like struc- 
tures from co-cultured BEC 
after 2 weeks of culture in 
collagen gel. While HGF 
shows no beneficial effect, 
morphogenesis is improved 
by the addition of EGF, and 
particularly by factors con- 
tained in CM 
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Fig. 15.7. Albumin secretion 
of human HC cultured in se- 
rum-free WiUiams medium 
for 2 weeks within collagen 
gel. An enhancement is ob- 
tained when HC are co-cul- 
tured with autologous hu- 
man EEC 




also capable of stimulating synthetic HC functions. Surprisingly, these fac- 
tors released by liver epithelial cells have a greater effect than added known 
hepatic growth factors. 



15.4 

Discussion 

We have established a co-culture model of human liver epithelial cells in a 
three-dimensional collagen type I matrix. In this configuration, co-cultures 
could be maintained for more than 7 weeks in serum-free media under de- 
fined conditions. After the addition of collagen double gel, BEG exhibited a 
remarkable, three-dimensional growth pattern. Well-differentiated, polarized 
BEC grew out to establish ductular structures similar to bile ducts in vivo. 
These formations were capable of taking up fluorescent bile acids, suggesting 
that they express typical bile epithelial fonctions. 

The number and quality of bile duct formations was not dependent on the 
addition of exogenous growth factors, but was markedly improved when cul- 
ture supernatants from previous co-cultures were added. These observations 
indicate the cellular potential for liver regeneration under in vitro conditions. 
Our co-culture model, omitting serum or undefined matrix compositions, 
clearly demonstrates that cellular interactions promote tissue-specific func- 
tions of both HC and BEC. Although the proportion of BEC was rather low 
under these conditions, BEC could significantly enhance albumin secretion 
of HC, an effect reported to depend on confluent co-culture conditions [6]. It 
may be assumed that homologous primary epithelial cells possess the neces- 
sary cell surface receptors required to promote tissue-specific functions [12]. 
In addition, both cell types seem to secrete stimulating factors for both 
growth and differentiation under balanced conditions. The sequence of liver 
cell growth in tissue repair will be a crucial aspect to investigate in further 
studies. 

Under the described simplified in vitro conditions, both HC and BEC 
were induced to grow on collagen gels; however, persistent growth was only 
observed in BEC. These findings indicate that human BEC are supported by 
collagen type I and factors released by HC to grow in a coordinated manner. 
The HC population may require further ECM substances usually secreted by 
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Ito cells or sinusoidal endothelial cells into the space of Disse to undergo re- 
plication, respectively. Therefore, co-culture with these nonparenchymal cells 
may improve the proliferative potential of HC in vitro. 

The HC layer, covered between two layers of collagen gel, did not demon- 
strate a three-dimensional organization of these cells. However, a three-di- 
mensional matrix scaffold offers an option to induce the growth and trans- 
mission of co-cultered liver cells and may be used for subsequent transplan- 
tation. First experiments using a collagen fleece (TissuVlies, Immuno, FRG) 
indicated that human liver cells can be maintained under such conditions. 
The functional properties of co-cultured primary liver cells are currently un- 
der investigation. 

Thus, the growth and expansion of isolated human liver cells could be- 
come a reality if appropriate cell populations are combined in a suitable 
three-dimensional configuration. The clearly positive effect of co-culturing 
emphasizes the fundamental role of cellular interactions in tissue engineering 
of the human liver. 

Acknowledgements. We are very grateful to Mrs. Lorraine Wallace for techni- 
cal assistance and to Dr. Ruth Gallacher for support in analytic tests. 
Furthermore, we are indebted to Mr. Ken Salisbury and Dr. Charles Mills for 
their cooperation. 

References 

1. Fausto N, Laird AD, Webber EM (1995) Role of growth factors and cytokines in hepa- 
tic regeneration. FASEB J 9:1527-1536 

2. Nyberg SL, Remmel RP, Mann HJ, Peshwa MV, Wei-Shou Hu, Cerra FB (1994) Primary 
hepatocytes outperform Hep G2 cells as the source of biotransformation functions in a 
bioartificial liver. Ann Surgery 220:59-67 

3. Rozga J, Holzman MD, Man-Soo Ro, Griffin DW, Neuzil DF, Giorgio T, Moscioni AD, 
Demetriou AA (1993) Development of a hybrid bioartificial liver. Ann Surgery 
217:502-511 

4. Gerlach JC, Encke J, Hole O, Muller C, Ryan CJ, Neuhaus P (1994) Bioreactor for a 
larger scale hepatocyte in vitro perfusion. Transplantation 58:984-988 

5. Dunn CY, Yarmush ML, Koebe HG, Tomkins RG (1989) Hepatocyte function and extra- 
cellular matrix geometry: long-term culture in a sandwich configuration. FASEB J 
3:174-177 

6. Clement B, Guguen-Guillouzo C, Campion JP, Glaise D, Bourel M, Guillouzo A (1984) 
Long-term co-cultures of adult human hepatocytes with rat liver epithelial cells: modu- 
lation of albumin secretion and accumulation of extracellular material. Hepatology 
4:373-380 

7. Gomez-Lechon M, Castelli J, Guillen I, O’Connor E, Nakamura T, Fabra R, Trullenque 
R (1995) Effects of hepatocyte growth factor on the growth and metabolism of human 
hepatocytes in primary cxilture. Hepatology 21:1248-1254 

8. Strain AJ, Ismail T, Tsubouchi H, Arakaki N, Hishida T, Kitamura N, Daikuhara Y, 
McMaster P (1991) Native and recombinant human hepatocyte growth factors are 
highly potent promoters of DNA synthesis in both human and rat hepatocytes. J Clin 
Invest 87:1853-1857 

9. Roberts SK, Kuntz SM, Gores GJ, LaRusso NF (1993) Regulation and bicarbonate-de- 
pendent ductular bile secretion assessed by lumenal micropuncture of isolated rodent 
intrahepatic bile ducts. Proc Natl Acad Sci USA 90:9080-9084 

10. Strain AJ, Wallace L, Joplin R, Daikuhara Y, Ishii T, Kelly D, Neuberger JM (1995) 
Characterization of biliary epithelial cells isolated from needle biopsies of human liver 
in the presence of hepatocyte growth factors. Am J Pathology 146:537-545 




142 



M. K. H. Auth et al.: Co-cultured Human Liver Epithelial Cells 



11. Joplin R, Hishida T, Tsubouchi H, Daikuhara Y, Ayres R, Neuberger JM, Strain AJ 
(1992) Human intrahepatic biliary epithelial cells proliferate in vitro in response to hu- 
man iiepatoc^e growth factor. J Clin Invest 90:1284-1289 

12. Corlu A, Kneip B, Lhadi C, Leray G, Glaise D, Baffet G, Bourel D, Guguen-Guillouzo C 
(1991) A plasma membrane protein is involved in cell contact-mediated regulation of 
tissue-specific genes in adult hepatocytes. J Cell Biology 115:505-515 




CHAPTER 16 



Clinical Use of Autologous Endothelial Cell-Seeded PTFE 
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Summary 

Eight patients (seven male and one female), 62-78 years old, with severe 
symptomatic coronary artery disease (CAD) received autologous endothelial 
cell (EC) seeded 4-mm poly-tetra-fluoro-ethylene (PTFE) vascular bypass 
grafts for coronary artery revascularization. EC seeded PTFE grafts were 
used in patients who lacked their own suitable bypass material for coronary 
revascularization. The PTFE grafts were seeded with autologous ECs in a 
multiple-step procedure prior to the elective coronary bypass operation. 

A 5-cm long segment of a cutaneous vein was harvested with local an- 
esthesia. The ECs were removed enzymatically by 0.2% collagenase. The en- 
dothelial cells were cultured and multiplied in cell culture with modified Dul- 
becco’s Eagle Medium (DMEM). After 3-4 weeks, the number of endothelial 
cells was great enough to cover the luminal surface of a 20 cm-long 4 mm 
PTFE vascular graft. Prior to EC seeding, the luminal wall of the PTFE graft 
was prepared by the application of a matrix consisting of fibrin glue and hu- 
man recombinant basic Fibroblast Growth Factor (bFGF). In a special rotat- 
ing device called an “endostrabilisator,” the homologous spreading and adhe- 
sion of the ECs on the luminal surface of the graft was achieved after 3-4 
hours. For the constitution of tight junctions between the luminal surface of 
the graft and the ECs, a period of 8-10 days of maturation was necessary un- 
der cell culture conditions prior to implantation. 

Bypass surgery was performed under extracorporal circulation in cardio- 
plegic arrest with Bretschneider solution, using conventionel surgical techni- 
ques to perform the end-side coronary anastomoses with running 7x0 pro- 
lene sutures. 

The eight patients received 19 coronary artery bypass grafts. Two patients 
had already had previous bypass operations with occluded vein grafts. In 
one patient, the aortic valve was replaced simultaneously because of severe 
aortic stenosis. For the revascularization of the left anterior descending ar- 
tery (LAD), the left internal thoracic artery (LIMA) was used in six cases. 
Twelve aorto-coronary bypasses were performed with the EC seeded PTFE 
grafts to revascularize the LAD in one case, the first diagonal branch (Dl) in 
one case, the ramus intermedius (RIM) in two cases, the first marginal 
branch of the circumflex artery in three cases, the circumflex artery itself in 
two cases, and the right coronary artery (RCA) in four cases. In one patient, 
an additional saphenous vein graft was used to revascularize the RIM. 
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The postoperative course of all patients was without complications. Wound 
complications and perioperative myocardial infarctions did not occur. 

After a mean postoperative follow-up of 420 (174-717) days, all patients 
are free from angina pectoris and clinically asymptomatic. Angiographic 
controls of the aorto-coronary PTFE bypass grafts after the operation 
showed patent bypasses in all cases except one EC seeded PTFE graft to the 
RCA, which was occluded asymptomatically and realized by angiography 20 
months after the implantation. All 18 patent EC seeded PTFE bypass grafts 
showed a smooth luminal borderline without stenotic regions, angiographi- 
cally. The angioscopic evaluation confirmed the angiographic results. The en- 
doluminal graft surface was glossy white and smooth without any fibrin, 
platelet, or erythrocyte deposits, as the percutaneous transluminal angio- 
scopic evaluation showed. In vitro experiments under cell culture conditions 
with EC seeded 4-mm PTFE grafts under physiological pulsatile flow condi- 
tions confirmed the adhesion and survival of the EC lining of the PTFE 
grafts. After an initial wash-out of ECs - within the first 15-30 minutes after 
the application of the pulstile flow - 60-80% of the ECs stayed adherent to 
the graft wall and were resistant to the applied shear forces. 

Further evaluations and a larger population of patients who received an 
EC seeded PTFE graft as a coronary artery bypass will prove if the encourag- 
ing patency rate of 91% in the mean 420 days after implantation will last. 
Improving the biocompatibility of cardiovascular implants by seeding with 
vital endothelial cells may offer unestimated benefits in the development of 
cardiovascular implants, including new bioprosthetic valve implants and arti- 
ficial hearts. 

16.1 

Introduction 

Patients with symptomatic multiple vessel coronary artery disease often need 
bypass surgery for coronary revascularization. Because of post-thrombotic 
syndrome, severe varicosis, or previous coronary bypass operations, an in- 
creasing number of patients who need coronary bypass operations do not 
have sufficient own bypass material for coronary revascularization. Even if 
complete arterial coronary artery revascularization is possible by using both 
internal thoracic/mammary arteries (ITA, IMA), the radial artery as a free 
graft or the gastroepiploic artery for coronary artery bypass, the operative 
trauma and postoperative troubles cannot be neglected - for example, the al- 
teration of the motility of the stomach by using the gastroepiploic artery for 
a coronary bypass, or ischemia of the hand at work after using the radial ar- 
tery as a free graft for a coronary bypass. Our intention was to increase the 
biocompatibility of commercially available 4-mm PTFE vascular grafts’ lumi- 
nal surface the seeding the luminal wall with vital autologous endothelial 
cells (EC) from cell cultures, preparing a physiologic luminal graft surface 
from the patient’s own vital EC monolayer. 
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16.2 

Materials and Methods 



16.2.1 

Patient Selection 

The patients selected had (1) a stable angina pectoris, (2) Hemodynamic re- 
levant coronary artery stenosis, and (3) insufficient quality and quantity of 
autologous bypass material for coronary artery revascularization 



16.2.2 

Graft Preparation 

Harvest of Endothelial Cells (EC) 

Under local anaesthesia a 5-10-cm long segment of a subcutaneous vein 
(e.g., forearm, neck) of the patient was removed atraumatically. Simulta- 
neously, 200 ml blood of the patient was taken to prepare about 100 ml se- 
rum. 

The removed segment of the vein was rinsed with Dulbecco’s modified Ea- 
gle Medium (DMEM) to clean it of all remaining blood particles. Then the 
lumen of the removed vein was filled with 0.2% Collagenase P, occluding 
both ends of the vein with a stop cock. 

Incubation was for 30 min at 37 °C with 5% CO 2 in an incubator for cell 
cultures. The luminal liquid was collected and centrifuged 10 min by 500 g. 
The pellet (EC) was resuspended in DMEM + 20% of the patient’s own se- 
rum. 

EC Culture 

The resuspended pellet was seeded in cell culture flasks (12.5 cm^) in DMEM 
+ 20% of the patient’s own serum and 5 ng/ml human recombinant basic Fi- 
broblast Growth Factor (bFGF) from Boehringer and cultured at 37 °C with 
5% CO 2 until reaching confluency. The culture medium was changed every 
48 hours. The confluent cell layer was tested for homogeneity of EC by Anti- 
Factor VIII conjugated MAB. After two passages of subculturing (4-6 weeks), 
enough EC could be obtained to cover the luminal surface of a 20-cm long 
PTFE graft 4 mm in diameter (6x10^ EC/cm^). 

Matrix Precoating of the PTFE Graft 

Commercially available, sterile PTFE vascular grafts 4 mm in diameter 
(Goretex®, Mediflex®) were cut into 20-cm long segments. The luminal sur- 
face of the grafts was coated with modified 2-component fibrin glue Tissu- 
col® (Immuno). Then the luminal surface of the graft was smoothed down 
and excess fibrin glue was removed by pulling it through an inflated balloon 
of a small Fogarty catheter. 
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EC Seeding of the PTFE Graft 

EC of confluent cultures were harvested with 0.2% CoUagenase P, counted, 
and diluted with DMEM to the final volume of the PTFE graft. The EC sus- 
pension was filled into the fibrin matrix precoated PTFE graft, occluding 
both ends with stop cocks. Seeding of EC to the luminal graft wall was 
achieved after 3 hours in a special seeding device “EndostrabUisator” (Bieg- 
ler, Vienna) under cell culture conditions (37 °C with 5% CO 2 ) by slowly ro- 
tating the graft stepwise around its longitudinal axis. The adherence of the 
EC to the graft was checked by counting the cell number of the eluate of the 
PTFE graft after the seeding procedure. 

Graft Maturation 

After the adherence of the EC to the luminal graft surface, the graft was 
stored 8-10 days in DMEM + 20% of the patient’s own serum in an incuba- 
tor (37 °C with 5% CO 2 ) to allow the maturation of the links between the 



Fig. 16.1. Intraoperative situs 
(surgeon’s view) after coron- 
ary artery revascularization 
with EC-seeded PTFE graft, 
a LIMA => LAD, 4mm EC 
seeded Mediflex® composite 
graft=>Ml (patient 1); b 
LIMA => LAD, 4-mm EC 
seeded Goretex® 
graft => M 1 -RCA (horse-shoe 
jump, patient 4) 
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precoated graft luminal surface and the EC. During the period of graft ma- 
turation, all three swabs of bacterial or fungal contamination taken during 
the coating procedure had to be negative. 

PTFE Graft Implantation 

Routine coronary artery bypass procedure was performed connecting the pa- 
tient to the extracorporal circulation. The EC-seeded PTFE grafts were im- 
planted in normothermic cardioplegic arrest with cold (4°C) Bretschneider 
solution. The end-side anastomoses were performed between the coronary 
artery and the graft with a running suture of 7x0 Prolene. Analogously the 
central bypass anastomoses of the PTFE grafts were performed to the as- 
cending aorta end-side with a running suture of 5x0 Prolene (Fig. 16.1a). 
The coronary anastomoses of the Mediflex® (Fig. 16.1b), which has a thicker 
wall, was performed as a composite graft, using a 1-2-cm long segment of a 
vein to connect the coronary artery and the graft. 



16.2.3 

Follow-Up Conditions 

The amount of 100 mg acetylsalicylic acid (ASA) per day was routinely given 
to all postoperative coronary artery bypass patients. An anticoagulation with 
dicumarol derivatives was not given to the patients with an EC seeded PTFE 




Fig. 16.2. Scanning electron microscopy (SEM) of the luminal surface of an EC seeded PTFE 
graft precoated with a fibrin matrix. Endothelial cells (ec) show the typical polygonal pat- 
tern. EC uncoated graft areas (g) are rare (magnification xl260) 
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Fig. 16.3. Transmission elec- 
tron microscopy (TEM) of a 
transversal cut through the 
wall of an EC seeded PTFE 
graft. Endothelial cells (ec, 
with a nucleus, n) are con- 
nected by tight junctions of 
the intercellular space (s) to 
each other and cover the lu- 
minal surface of the fibrin 
precoated PTFE graft (g^) 
completely separating the lu- 
men (i) from the PTFE sur- 
face. The magnitude of the 
fibrin coating if) is altered 
by the preparation of the 
specimen for microscopy 
(magnification x4000) 




f 




graft. Every patient with an EC seeded pxpE graft as a coronary bypass was 
checked by selective angiography and angioscopy 6-12 and 18-24 months 
postoperatively. 

16.3 

Results 

Successful endoluminal seeding of 4-mm PTFE vascular prostheses with a 
confluent monolayer of EC is demonstrated in Figure 16.2 and 3 by electron 
microscopy. The scanning electron microscopy of a luminal EC seeded 4-mm 
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Table 16.1. 



Patient Diagnosis Operation Bypasses/ EC seeded Follow-up 

Sex, additional 4-mni PTFE (Months) 

Age (yrs) procedures Graft 



1 m, 71 


3-V-CAD, 
pthr Syndrome 


2 m, 69 


2-V-CAD, 
pthr Syndrome 


3 f, 73 


3-V-CAD, 

Varicosis 


4 m, 78 


3-V-CAD, 
pthr Syndrome 


5 m, 64 


3-V-CAD, 

Varicosis 


6 m, 62 


3-V-CAD, 

Varicosis 


7 m, 71 


Re-2-V-CAD, 
Aortic Stenosis 


8 m, 66 


Re-2-V-CAD 



CABG II 


LIMA => LAD 


CABG II 


LIMA => LAD 


CABG III 


LIMA => LAD, 
SVG => RIM 


CABG III 


LIMA => LAD 


CABG III 


LIMA => LAD 


CABG II 


LIMA => LAD, 
SVG=>M1 


Re-CABG II 
AVR 


29 mm SJM 

Toronto 

SPV Xenograft 


Re-CABG 

II 





Ml 


23.5 


(Mediflex) 


patent 


RCA 


after 20.5, 


(Goretex) 


asympt. 

occl. 


RCX 


20.0 


(Mediflex) 


patent 


Ml -RCA 


12.5 


T-jump 

(Goretex) 


patent 


RIM 


10.5 


(Mediflex) 


patent 


RIP 


10.5 


(Goretex) 


patent 


LAD-RCA 


5.5 


T-jump 

(Goretex) 


patent 


Dl, Ml; 


5.5 


single 

(Goretex) 


patent 



Abbreviations: 

AVR = Aortic Valve Replacement, CABG = Coronary Artery Bypass Graft, CAD = Coronary 
Artery Disease, LAD = Left Anterior Descendant (Ramus interventr. anterior), LIMA = Left 
Internal Manunary Artery (A. thorac. int. sin.), MI = 1st Marginal branch, 
pthr.=postthrombotic, RCA = Right Coronary Artery, RJM= Ramus intermedius, 
RIP = Ramus interventricularis posterior of the RCA, SVG = Saphenous Vein Graft, 
V = Vessel. 



PTFE graft 10 days after EC seeding shows a confluent monolayer of EC 
(Fig. 16.2). The transmission electron microscopy of a 10 day old EC-seeded 
PTFE prostheses demonstrates linked EC in monolayer formation resting on 
a fibrin matrix, as presented in Figure 16.3. The demographic datas of the 
patients and the performed surgical procedures are listed in Table 16.1. 

In all eight patients, the postoperative recovery was free from complica- 
tions. All patients are still alive and out of hospital free from angina pectoris 
and re-myocardial infarctions. At 5.5-23.5 (mean: 13.5) months after bypass 
surgery, 10 of 11 EC seeded PTFE grafts for coronary artery bypass in eight 
patients are still patent (91%). In patient 2, the EC seeded Goretex graft by- 
passing the right coronary artery is asymptomatically occluded, which was 
verified by routine coronary re-angiography 20.5 months after surgery. Selec- 
tive angiography of the EC seeded PTFE grafts 5.5-23.5 months after surgery 
demonstrates a smooth luminal border of the grafts without stenotic regions 
(Fig. 16.4). Selective angioscopic evaluation of the EC seeded PTFE pros- 
theses of the patients shows a glossy white lumen of the graft with a smooth 
luminal surface without any fibrin, platelet, or erythrocyte deposits on the 
luminal graft wall (Fig. 16.5). 
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Fig. 16.4. ^Selective angiography of a PTFE graft as a coronary bypass, a 4-mm EC seeded 
Mediflex composite graft => Ml, (23 months after surgery, patient 1); b 4-mm EC seeded 
Goretex® graft =>M1-RCA (horse-shoe jump, 12 months after surgery, patient 4) 



Fig. 16.5. Intravital selective 
angioscopic presentation 
(Baxter® angioscope, 

0 1.5 mm, tip 1 mm) of the 
lumen of an EC seeded 4- 
mm Mediflex® PTFE graft as 
a coronary bypass to the 1st 
marginal branch patent, 23 
months after surgery. After 
segmental temporary balloon 
occlusion filled with NaCl 
solution, the EC seeded graft 
shows angioscopically a 
smooth, glossy luminal sur- 
face without fibrin or cor- 
puscular deposits of the lu- 
minal graft wall (patient 1) 
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16.4 

Discussion 



A patency of 10 of 11 bypasses (91%) so far, after a time period of, in the 
mean, 13.5 (range: 5.5-23.5) months after surgery is encouraging, because no 
anticoagulation was given to the patients except a mild anti-platelet medica- 
tion of 100 mg ASA per day, which is routinely given to all patients with cor- 
onary artery disease as a prophylaxis. The optimism is boosted by the find- 
ings in selective angiography and angioscopy. In vitro flow experiments with 
endoluminal seeded 4-mm PTFE grafts with Indium- “in] -oxin labelled vi- 
tal human EC revealed a wash-out of EC between 10-15% in the first minute 
after installation of the physiologic pulsatile flow. Longterm up to different 
flow conditions, 69-83% of the vital seeded EC stayed permanent at the lu- 
minal graft wall (data not shown here). An endoluminal vital confluent 
monolayer of autologous EC seems to reduce the thrombogeneity of the graft 
and to exceed the patency of 4 mm PTFE vascular grafts for coronary artery 
bypass compared to uncoated grafts. Concordant results are published by 
Deutsch and co-workers [6]. He reports that EC seeded 6-mm PTFE vascular 
prostheses have a much better patency rate compared to unseeded PTFE 
grafts, even after a follow-up period of over ten years, for popliteal recon- 
struction in peripheral occlusive vascular disease. 
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CHAPTER 17 



Influence of Fibrinogen Adhesives 

and their Components on Growth and Attachment 

of Human Endothelial Cells 

A. Bader • B. Stitz • H.A. Henrich 



Abstract 

Vascular endoprostheses can be preseeded with endothelial cells to minimize 
the side effect of platelet activation and thrombus formation in vivo. A vari- 
ety of fibrinogen adhesives are potentially applicable to this purpose. The 
complex and not identical composition of these products has potentially pos- 
itive or negative influences for the culture of endothelial cells. 

This study therefore investigates the attachment and proliferation behav- 
iour of human vascular endothelial cells of the umbilical vein under the in- 
fluence of two commercially available clotting factor formulations Beriplast® 
and Tissucol®. 

The results show an improved cell attachment and proliferation effect of 
Tissucol® over Beriplast®, which could be caused to differences in factor XIII 
preparation or the presence of fibronectin in Tissucol®. 

These findings are of potential relevance for the projected clinical use of vas- 
cular endoprostheses seeded in vitro or in vivo with human endothelial cells. 

17.1 

Introduction 

The use of fibrinogen adhesives is an established technique in all operative 
disciplines for atraumatic tissue repair. This technique is based on the imita- 
tion of the last sequences of the plasmatic clotting phase, which is character- 
ized by the formation of fibrin polymers. By adding further substances the 
composition and properties of the fibrin clots can be modified [3]. Especially 
in thoracic surgery the use of a fibrinogen adhesive serves today to make 
vascular dacron endoprosthesis impermeable to blood. Otherwise this prop- 
erty would have been induced only at later stages by blood clotting physiolo- 
gically occurring in vivo [6, 9]. 

Figure 17.1 shows a schematic drawing of the plasmatic blood coagulation 
modified according to Weiss [14] and Forth and Rummel [4]. 

Studies of Schrenk et al. [11] show, that a pre-clotting of PTFE prosthesis 
with fibrinogen adhesives is superior to blood with respect to attachment 
and distribution of endothelial cells. 

The success of a vascular prosthesis is dependent on the rapid and lasting 
endothelialisation of the implant, since this could prevent the occurrence of 
thrombocyte aggregation and thrombus formation [15]. 
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Fig. 17.1. Schematic drawing 
of the final sequence of plas- 
ma clotting. Components of 
the fibrinogen adhesives 
used in this study (Beri- 
plast® and Tissucol® are un- 
derlined. 
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Clinical experiences and results from animal trials indicate that the cur- 
rently used clotting factor formulations Beriplast® and Tissucol® are superi- 
or to adhesives on the basis of cyanoacrylates but still show striking differ- 
ences among each other [1, 2]. 

It was therefore of interest to investigate the influence of these two fibrinogen 
adhesives and their individual components on human endothelial cells in vitro. 



17.2 

Methods 



17.2.1 

Composition of Fibrinogen Adhesives 

Tissucol® and Berilplast®, as well as all individual components, except the 
not available factors fibronectin and fibrinogen from Tissucol® and human 
albumin from Beriplast® were used. The composition of the finbrinogen ad- 
hesives is described below: 

Beriplast® 

A: human plasma protein fraction with fibrinogen 65-115 mg 
human plasma protein fraction with factor XIII activity 40-80 U 
human albumin 1 mg 7.8 U 
B: aprotinin from bovine lung 1000 KIU 
C: bovine plasma protein fraction with thrombin activity 
400-600 lU 

D: calcium chloride solution 14.7 mg 
Tissucol® (frozen) 

A: human plasma protein fraction with fibrinogen 80-120 mg 
plasma fibronectin 2.9 mg 
factor XIII 10-50 U 
plasminogen 0.02-0.08 
B: aprotinin 3000 KIU 

calcium chloride -2 H 2 O 5.88 mg 
C: calcium chloride *2 H 2 O 5.88 mg 
D: thrombin 4 lU 
E: thrombin 500 lU 
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17.2.2 

Cell Culture Reagents 

All reagents were of highest quahty. Culture medium Ml 99 was from Gibco, 
EndotheUal cell growth factor (ECGF) was from Paesel, CoUagenase type I A 
was from Sigma, gelatine was from Serva. 



17.2.3 

Human Endothelial Cells 

Human endothelial cells were obtained from umbilical veins and expanded in 
vitro. The cells were utilized for the following studies between the first and 
fourth passage. The limitation of the cells to Aese early passages was neces- 
sary since growth and spreading activity of these cells decreases with the 
number of subcultured generations [13]. 

Cells were isolated and identified as described previously by Jaffe et al. 
[8]. Endothelial cells were characterized by their typical cobblestone appear- 
ance in vitro. 

17.2.4 

Cell Culture Assays 

Endothelial adhesion was assessed 1 h following seeding by counting the 
number of attached cells with respect to the number of cells seeded in five 



Fig. 17.2. Relative cell num- 
ber (96 h after seeding) of 
HUVECs in the presence of 
various thrombin from 
Tissucol® concentrations. 
Data is shown a mean±SEM 
of five measurements. 
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different areas. Viability was assessed by the Trypan blue exclusion test and 
cell proliferation was analysed by ^H-thymidine incorporation according to 
the method previously described by Hasson et al. [7]. 

Statistical evaluation was performed using the non parametric Wilcoxon 
test. 

173 

Results 

The in vitro studies using standardized HUVECs showed significant differ- 
ences in endothelial cell attachment and growth using Tissucol® or Beri- 
plast® clotting factor formulations. 

As shown in Fig. 17.2 cell counting indicates a significant negative correla- 
tion between thrombin content of tissue culture medium and cell number. 
Fig. 17.3 shows that a 5.62 mmol CaCl 2 increase in the culture medium led 
to a significant reduction in cell number, as did as well higher concentra- 
tions of CaCl 2 . Lower concentrations did not influence HUVFC proliferation. 

Endothelial adhesion was enhanced by using factor XIII (Tissucol®), a 
combination of fibrinogen and factor XIII (Beriplast®), human albumin and 
fibronectin (Sigma). Endothelial adhesion was blocked using CaCl 2 (Beri- 
plast®and Tissucol®). 



Fig. 17.3. Relative cell num- 
ber (96 h after seeding) of 
HUVECs in the presence of 
various CaCb concentra- 
tions. Data is shown a 
mean±SEM of five measure- 
ments. 
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Endothelial adhesion was not influenced by factor XIII (Beriplast®), apro- 
tinin (Beriplast®) and aprotinin (Tissucol®), plasminogen (Tissucol®), 
Thrombin (Beriplast® and Tissucol®) 

Endothelial attachment was blocked by CaCl 2 from Tissucol® and Beriplast®. 
EndotheUal proliferation was not influenced over a period of 96 h follow- 
ing seeding using factor XIII (Tissucol®), human albumin aprotinin (both 
Tissucol® and Beriplast®), plasminogen (Tissucol®), fibronectin (Sigma) and 
CaCl 2 from Beriplast® and Tissucol®. 

Endothehal adhesion was significantly blocked using factor XIII (Beri- 
plast®), thrombin (Beriplast®), thrombin (Tissucol®), CaCl 2 and aprotinin 
(no difference observed between Beriplast® and Tissucol®). 

Comparisons of the final (full) formulations indicated a significantly high- 
er cell attachment index at 1 h for Tissucol® (Fig. 17.4). Significant differ- 
ences were found also for cell growth over a period of 96 h following seed- 
ing. While Beriplast® coating of dishes caused a continuous decline in at- 
tached cell number, Tissucol® coating caused an increase in cell number in- 
dicative for net cell proliferation. Tissucol® coated petri dishes also promoted 
a higher cell attachment speed than seen with Beriplast® (Fig. 17.5). 

17.4 

Discussion 

Taking all the results together, the different properties of the fibrinogen ad- 
hesives Tissucol® and Beriplast® with respect to cell attachment and prolif- 

Fig. 17.4. Index of endothelial re I, cell number 
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eration could be caused by the respective factor XIII component as well as 
the presence of fibronectin in Tissucol®. 

This study investigates for the first time aU available individual compo- 
nents of the fibrinogen adhesives Beriplast® and Tissucol® and may thus 
give a more complete picture of the impact of the application of presently 
available clotting factor formulations on endothehal cells. Such data could be 
relevant for the design criteria of experimental and cUnical studies using 
clotting factor coated vascular endoprostheses. 

In our study we have utiUzed human cells since human models are more 
relevant for the projected surgical use of such constructs. Even though vascu- 
lar implants are predominantly of interest for the high pressure system ve- 
nous cells have been shown to be equally stress resistant and are considered 
thus useful for such studies [12]. 

The role of fibronectin in wound healing has been well known. This extra- 
cellular matrix factor stimulates attachment and spreading of many cell types 
including endothelial cells [5]. Roberts and Forrester showed in 1990 that fi- 
bronectin leads to the formation of closed monolayers in endothelial cell cul- 
ture [10]. 

Factor XIII preparations can be obtained differently, which could contri- 
bute to an explanation for the observed differences. Beriplast® contains a hu- 
man placental protein fraction, while Tissucol® utilizes a human plasma pro- 
tein fraction. The latter was available for the study. Further analysis of the 



Fig. 17.5. Time dependence 
(up to 96 h) of the relative 
cell number in the presence 
of two clotting factor formu- 
lations: 1 Beriplast®, 2 Tis- 
sucol®. Data is shown a 
mean±SEM of five measure- 
ments. 
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placental fraction or potential additives for stabilization or the role of the 
placental Laki-Lorand-factor was not possible in this study. 

We conclude that human placental vascular endotheUal cells appear to find 
better growth and attachment conditions on Tissucol® rather than on Beri- 
plast®. The development of vascular implants with in vitro seeded endothe- 
lial cells or the intraoperative sealing of vascular implants are potential appli- 
cation fields for the above findings. 
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Ability of Human Auricular Chondrocytes 
to Generate Tissue Engineered Cartilage 
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18.1 

Introduction 

The field of tissue engineering has demonstrated tremendous potential for 
the development of cartilaginous implants. Prior to human applications, re- 
search needs to be directed toward defining the characteristics of the human 
chondrocytes, especially their potential to proliferate and generate differen- 
tiated tissue of adequate mass to replace significant defects. 

In normal tissue development, some multiplying cells slow down or stop 
dividing and become specialized in form, chemistry, and intercellular rela- 
tions. “Differentiation” suggests a stable cellular identity. A mature cell, cap- 
able of expressing multiple phenotypes, can be “modulated” by factors that 
guide the expression of a specific phenotype. These “modulations” are part 
of a spectrum for a given cell type, dependent upon extrinsic controls (hor- 
monal, nutritional, and environmental) that drive them to transform in one 
direction and, in some cases, that push them to return to their previous phe- 
notype as the controls are withdrawn or reversed. 

The modulation of chondrocytes, resulting in the loss of the specialized 
differentiated state, is known as “dedifferentiation.” Molecularly distinct 
types of collagen, a major extracellular product, can be identified and quanti- 
tated. The collagen phenotype provides a' reliable indicator of dedifferentia- 
tion in chondrocytes. Collagen accounts for about 30% of all proteins in 
mammals. Although the expression of particular types of collagen are influ- 
enced - at times, reversibly - by environmental factors [1], it is unknown 
whether dedifferentiated chondrocytes continue to express type II collagen. 
Cartilage is composed of chondrocytes and extracellular matrix, rich in type 
II collagen and proteoglycans. In an in vitro monolayer, chondrocytes lose 
their spherical shape and acquire a fibroblast-like appearance. The hallmark 
of this process of dedifferentiation is the switch of collagen synthesis from 
type II to type I [2]. 

We have demonstrated in association with this dedifferentiation that hu- 
man auricular chondrocytes maintained in culture for increasing periods of 
time demonstrated a diminished capacity to regenerate new cartilagenous 
tissue. However, these cells seem to retain some degree of differentiation, 
which allows them to generate cartilage even after 8 to 10 weeks in vitro. 

The ability of cultured chondrocytes to express type II collagen and ulti- 
mately generate normal cartilage when implanted attached to a synthetic 
polymer scaffold as a function of time in vitro, therefore, also needs to be as- 
sessed. In addition, the number of cells that can be harvested and will be 
needed to generate an entire structure such as a human ear needs to be 
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quantitated prior to human applications. The fact that only a Hmited number 
of cells can be isolated for in vitro culture from a biopsy, as well as the lim- 
ited capacity of these cells to proliferate, and their dedifferentiation in vitro, 
are all variables which need to be optimized in such a way as to ensure bet- 
ter quality of tissue generated in a shorter period of time. 

Growth factors have been widely studied with chondrocytes in vitro. Several 
authors have demonstrated the in vitro characteristics of human auricular chon- 
drocytes cultured in the presence of both TGFbeta and bFGF, including im- 
proved redifferentiation properties and proliferation rates. Growth factors have 
also been demonstrated to improve proteoglycan matrix generation in vitro. 

This article presents our experience with the in vitro characteristics of hu- 
man auricular chondrocytes in both the presence and absence of growth fac- 
tors and their relationship to the in vivo tissue engineering of cartilage to- 
ward human applications. 

18.2 

Materials and Methods 

Human auricular chondrocytes were expanded in vitro either in culture me- 
dium alone or in a medium supplemented with growth factors (TGFbeta and 
bFGF). Chondrocytes were then suspended in co-polymer gels, injected sub- 
cutaneously into the dorsum of nude mice, and incubated for 2, 4, and 8 
weeks in vivo. Briefly, human ear chondrocytes were isolated by collagenase 
digestion and expanded in vitro. 

Immunohistochemical stains which allow for the direct visualization of tis- 
sue or cell antigens were employed to study the collagen expression of these 
cells as a function of time. A two-step indirect immunoenzymatic staining 
method with an enzyme-labelled secondary antibody that reacted with a pri- 
mary antibody bound to the target collagen molecule was used. The human 
ear chondrocytes, cultured for increasing periods of time, were watched for 
confluence, at which time they were trypsinized and replated at 200 000 cells 
per cc. After attachment, the cells were rinsed with PBS, fixated, and permea- 
bilized with a Tris-based detergent solution. Primary mono- or polyclonal 
antibodies (Chemicon, Temecula, CA) were applied to cover the sample at a 
dilution of 1:20 and reacted for 30 minutes. Secondary antibody (biotinylated 
anti-rabbit or -mouse Ab) was applied for 10 minutes. After rinsing in TBST 
for 5 minutes three times, streptavidin-HRP (alkaline phosphatase conjugate) 
was applied for 10 minutes. 

The intracellular expression of types I and II collagen proteins was exam- 
ined in human chondrocytes in samples up to 24 weeks in culture. 

In addition, chondrocytes were cultured in plating medium Ham’s F-12 
with or without growth factors (3 ng/ml of transforming growth factor, 
TGFbeta, and 10 ng/ml of basic fibroblast growth factor, bFGF). Once conflu- 
ence was reached in both groups, chondrocytes were suspended in a 30% so- 
lution of co-polymer gels of ethylene and propylene oxide at a cellular con- 
centration of 60 million cells per cc. These cell suspensions were injected 
subcutaneously into the dorsum of nude mice. Specimens were harvested 
after 2, 4, and 8 weeks in vivo and studied grossly and histologically. 
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183 

Results 

In vitro type II collagen expression, which is easily detected in the cytoplasm 
of freshly isolated chondrocytes, is not seen in fibroblasts, as demonstrated 
in Figure 18.1. The in vitro expression of type II collagen in human auricu- 
lar chondrocytes decreased over the time interval of the study. Type I col- 
lagen, on the other hand, was detected in varying levels in the cytoplasm of 
chondrocytes as early as 4 weeks in culture (Fig. 18.2) and showed increased 




Fig. 18.1. Collagen expression in fibroblasts. Type 1 collagen makes 80-99% of the total col- 
lagen present in skin, tendon, ligament, bone and cornea. Organized as a trimer with two 
identical al -chains and an a2-chain 




Fig. 18.2. Collagen expression in chondrocytes at 4 weeks. Type II collagen is the major type 
present in cartilage; ifs also present in nucleus pulposus and vitreous. Dedifferentiation 
into collagen type I is seen with an al -chain trimer with less lysine 8c more OH-lysine 




Fig. 18.3. Collagen expression in chondrocytes at 12 weeks. Rising levels of collagen type I 
detected in chondrocytes, less abundant levels of collagen type II, suggesting replacement of 
type II by type I 
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expression over the time period of the study. By 12 weeks, there were in- 
creasing levels of type I collagen, as the amount of type II coUagen decreased 
(Fig. 18.3). By 24 weeks, the cells appeared fibroblast-like and demonstrated 
minimal expression of type II collagen (Fig. 18.4). 

The use of growth factors in vitro resulted in an increase in the number of 
cells (Fig. 18.5). 

At early stages after the in vivo injection (2 weeks), specimens generated 
from cells cultured in the presence of growth factors exhibited more cellular- 
ity and differentiation when analyzed histologically than those cultured in 
medium containing no growth factors. In both groups, specimens harvested 
after 4 weeks of in vivo injection showed small nodules of cartilage with cells 
embedded in a proteoglycan-rich matrix. Chondrocytes cultured with and 
without growth factors demonstrated confluent cartilage formation after 8 
weeks of in vivo injection. The cartilage generated after 8 weeks (Fig. 18.6) 
from chondrocytes exposed to growth factors, was histologically less orga- 
nized when compared to the cartilage generated without them. Explants gen- 
erated from cells cultured with growth factors initially had a more organized 
arrangement and increased cellularity. Both groups of chondrocytes had the 
ability to regenerate cartilage after 8 weeks in vivo. This demonstrated that 
growth factors provided an advantage in the in vitro yield of cell expansion. 
Cultured chondrocytes exposed to both regular medium and medium supple- 
mented with TGFbeta and bFGF at the given concentrations have the ability 
to regenerate new tissue when encapsulated in a 30% solution of co-polymer 




Fig. 18.4. CoUagen expression in chondrocytes at 24 weeks. Chondrocytes lost rounded 
shape and acquired fibroblast-like appearance. CoUagen type II expressed at minimal levels 




Fig. 18.5. Human auricular chondrocytes in vitro at 2 weeks 
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gels of ethylene and propylene oxide. After 8 weeks of in vivo injection, there 
appeared to be no advantage in exposing the cells to growth factors in vitro, 
in terms of the histological quality of the tissue generated. Further studies 
are indicated to assess the long-term effects on cartilage generated with and 
without growth factors. 

18.4 

Discussion 

The data supports previous reports that as chondrocytes undergo dedifferen- 
tiation, the expression of collagen synthesis changes. Chondrocytes show 
varying levels of collagen co-expression, with detectable levels of both type I 
and II collagen as early as 4 weeks. After long-term cultures, chondrocytes 
dedifferentiate, as shown by the progressive increase of collagen type I ex- 
pression. Identification of intracellular collagen expression enables the distin- 
guishment of a dedifferentiated chondrocyte from fibroblast overgrowth in 
vitro. 

Seeding cells on a polyglycolic acid polymer may induce redifferentiation 
and rising levels of collagen type II expression. This data should help us un- 
derstand the molecular events that take place in vitro and suggest how we 
might direct modulation prior to when tissue engineered grafts are im- 
planted in mammalian hosts. Time-correlated samples of mRNA have been 
isolated and will be analyzed by Northern blot, to quantify the molecular 
patterns of collagen histochemistry staining and to see whether there is a 
level of co-expression of collagen types with post-translational controls that 
regulate the cell phenotype and differentiation. 

We examined the levels of collagen type I and II in long-term cultures to 
determine if we could track the differentiation stages in chondrocytes by di- 
rect observation of different types of collagen expression. We have shown 
that intracellular staining is a direct and qualitative approach for collagen de- 
tection. The a-1 chains for collagen type I and II cannot be unambiguously 
resolved by SDS-PAGE, and two-dimensional gels with isoelectric focusing 
are needed to identify collagen types I and II when analyzing matrix proteins 
rather than intracellular collagen, as we have done [3]. 




Fig. 18 . 6 . H&E sections of cartilage formation after 8 weeks of in vivo injection 
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18.5 

Conclusions 

Human auricular chondrocytes show great potential in the development of 
cartilaginous implants. Their complex behavior shown in vitro and their lim- 
ited prohferation rates can be modulated by their microenvironment. Further 
studies are needed to deter min which growth factors best optimize growth 
conditions and result in amplified cell numbers of reliable and uniform qual- 
ity. 
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19.1 

Introduction 

In the whole domain of reconstructive surgery, there is a great requirement 
of materials for the replacement of tissue defects. Traditional autogenous tis- 
sues or alloplastic materials show problems like infection, extrusion and do- 
nor site morbidity. 

In joint surgery cartilage defects are serious injuries because of the lack of 
cartilage regeneration. They lead to disturbance in joint biomechanic, in- 
creasing damage in neighbour tissue and posttraumatic arthrosis. The end of 
a painful way is often joint replacement, arthrodesis or displacement osteo- 
tomy. 

The reconstruction and transplantaion of autologous cartilage in required 
shape and size would be desirable. For the in vitro construction of autolo- 
gous cartilage the seek for an ideal matrix component to graft the desired 
shape is still unsolved. 

19.2 

Material and Methods 

Bovine chondrocytes were isolated from calf patellae by a technic described 
by Klagsbrun. After enzymatic digestion the cells were counted in a hemocyt- 
ometer and concentrated to 30 million cells/ml in culture medium. 300 pi of 
the chondrocyte suspension was seeded on a collagen sponge (TissuVlies, 
Immuno) with a dimension of 8x8x4 mm. The chondrocyte-collagen sponge- 



Fig. 19.1. Nude mouse two 
weeks after implantation of a 
chondrocyte-collagen 
sponge construct 
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construct were set in 6 well plates and cultured for one week in HAM’s F12 
culture medium hEPES modification (Sigma), supplemented with 50 mg/1 as- 
corbic acid, 200 mM L-glutamin, penicillin/streptomycin and 20% fetal bo- 
vine serum. Medium was changed all 2 days. After one week the constructs 
were subsequently implanted onto the dorsum of nude mice. 

The explantation ensued after 1,3 and 6 weeks. There were two control 
groups. In one control group we implanted a collagen sponge without chon- 
drocytes. In a second group we injected 300 pi of a chondrocyte suspension 
(30 million cells/ml) subcutanously. 

The explants were evaluated histologically with HE staining and Immun- 
histochemistry. 

19.3 

Results and Discussion 

The cartilage constructs (chondrocytes-collagen sponge) showed an increas- 
ing differentiation of the cartilage matrix with an increasing stiffness from 
week 1 to 6. After 6 weeks new cartilage formation was seen in the chondro- 
cyte-collagen sponge group macroscopically and histologically in all cases in 
the shape of the used collagen sponge. 



Fig. 19.2. Explants after 6 
weeks. Tissue engineered 
cartilage in the shape of the 
collagen sponge 




)- ; 



Fig. 19.3. Explants after 6 
weeks. Typical hyaline carti- 
lage formation in HE stain- 
ing 
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Fig. 19.4. Explants after 6 
weeks. The chondrocyte-col- 
lagen sponge constructs 
show nearly a 6-fold higher 
output of cartilage tissue 
than the suspension group. 
The implanted collagen 
sponge without cells was 
completely resorbed 







Fig. 19.5. Explants after 6 
weeks. Immunhistochemical 
staining shows collagen type 
II as a brown coloured com- 
plex and proof of hyaline 
cartilage 




There was no inflammatory reaction in neighbour tissue. The collagen 
sponge without cells in control group one was resorbed completely after 6 
weeks. In the second control group with the injected chondrocyte suspension 
there were only small cartilage fragments. The output of hyaline cartilage tis- 
sue is 6-fold higher in the chondrocyte-collagen sponge group than in the 
chondrocyte-suspension group. 

Immunhistochemical evaluation shows the formation of collagen type II as 
a proof of hyaline cartilage. The used collagen sponge consist of collagen 
type I. 

The collagen sponge was a suitable biomaterial with an easy and practic- 
able handling. There was a good mechanical stiffness and the transparence 
of the material in culture medium allowed watching the cell culture under 
light microscopy. 

Eqally there is an excellent tissue tolerance of the collagen sponge. Other 
used biomaterials in tissue engineered cartilage like resorbable polymers 
(PLA, PGA) can induce a foreign- body reaction and inflammation (Hoff- 
mann). 
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19.4 

Conclusion 

The used collagen sponge is a very promising biomaterial as a matrix in car- 
tilage reconstruction. There is a good tissue compatibility and an easy and 
practicable handling. The technology of tissue engineered cartilage would be 
useful! in reconstructive, orthopedic and plastic surgery. 
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20.1 

Introduction 

Full-thickness defects of articular cartilage have a poor capacity for repair, 
because cartilage is an avascular tissue and cartilage injuries thus have a 
poor reparative capacity, since the tissue response with formation of a fibrin 
clot is absent. Slight mitotic activity around the edges of a cartilage lesion is 
not strong enough to repair the defect. With previous operative techniques, 
chondral lesions could only be repaired by the production of a mainly fibro- 
cartilage tissue with reduced biomechanical properties. 

With cell-culture techniques, it is possible to amplify articular chondro- 
cytes, which have the potential capacity for repair of chondral defects [1-3]. 
The use of a conductive three-dimensional matrix appears to be positive for 
creating hyaline-like cartilage. Chondrocytes create thereby typical products 
of articular cartilage like keratan-sulphate, chondroitin-sulphate, and collagen 
II and IX [2, 4-5]. Although many matrices were tested, an optimal scaffold 
for redifferentiation of amplified chondrocytes could not be found. 

It has been reported that the primary fibrin clot in vascularized tissue 
functions as a scaffold or a framework for ingrowing cells from several mes- 
enchymal origins and that it also stimulates cellular mitosis and migration 
[6-7]. 

In stationary culture systems, chondrocytes show no cell migration into 
the fibrin adhesive, (Tisseel) [8] and survive only a short time until resorp- 
tion of fibrin appears (day 7) [9]. 

In a continuous perfusion chamber system, we were previously able to 
show that commercial fibrin adhesive (Tissucol-Duo Quick, Immuno) is a 
potential scaffold for a long-term culture of at least nine weeks [10]. We first 
formed a fibrin clot on top of a polytetrafluorethylen membrane (Gore), 
which was used as an initial stabilizer. Then, after adding amplified chondro- 
cytes, we coated the cell/matrix construct with a second layer of fibrin adhe- 
sive (Tissucol-Duo Quick, Immuno), which forms a fibrin clot in seconds. 
After nine weeks we were able to observe a hyahne-like cartilage production 
in only the second layer, with no interference with the PTFE membrane and 
the first fibrin layer. 

We now want to test if, by using a different fibrin-coating technique with 
a reduced thrombin solution in commercial fibrin adhesive (Tissucol-L, Im- 
muno), one can observe a better distribution of the hyahne-like cartilage 
production in the whole cell-matrix construct. 
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20.2 

Material and Methods 

A stationary culture (for two weeks, with a change of medium four times) of 
human chondrocytes (femur-condylus) was treated as described by Sittinger 
and co-workers [1] and Angele and co-workers [10]. For redifferentiation, 
the samples received a continuous flow of culture medium (see above) in a 
continuous perfusion chamber system (Minucells and Minutissue, Bad Ab- 
bach) at the rate of 1 ml an hour. 

For the preparation of the cell/matrix-construct, 10^ chondrocytes per 
sample were mixed in both fibrin components in equal proportions. The first 
component was Tissucol-Kit 0.5 with Aprotinin 1500KIE; the second compo- 
nent was Thrombin L (Thrombin end concentration: IIE) with a CaCl 2 solu- 
tion (Immuno, Fibrin-Coating). This formed a fibrin clot in around 1 min 
on a biocompatible polytetrafluorethylene membrane (PTFE, Vascular Patch, 
Gore, Flagstaff, USA) used as an initial stabilizer. The control group had fi- 
brin adhesive on a PTFE membrane without chondrocytes. 

The period of survey was 9 weeks. Two samples of each group were re- 
moved after 3, 6, and 9 weeks and treated as previously described [10]. 

20.3 

Results 

After two weeks in a stationary culture, we found mainly fibroblast-like 
shaped, adherent cells. After trypsin detachment, a cell-viability of 95% 
could be observed with trypan-blue staining. 

After three weeks in the following continuous perfusion culture system, 
Azan-staining showed mainly round-shaped, sometimes “fibroblast-like” cells 
in cavities of fibrin. Near cell aggregates, an anilinblue-positive material 
could be identified (Fig. 20.1). 

Immunohistochemical staining for the expression of different collagen types 
was undertaken. Staining for collagen I showed negative immunoreactivity. 
Staining for collagen II showed positive expression as small, focal, pericellu- 
lar-interstitial deposits. A similar result was obtained for collagen IX. 

The immunohistochemical staining for keratan-sulphate and chondroitin- 
sulphate showed a distinct, positive expression around cell aggregates. A be- 
ginning infiltration in the fibrin matrix of both glucosaminoglycanes seemed 
to occur. 

After fixation for microscopical preparation, the PTFE membrane was se- 
parated from the cell/matrix construction. No cellular component could be 
detected in the membrane. 

After three weeks in perfusion, a complete dissolution of fibrin could be 
observed in the control group without chondrocytes. This phenomenon 
could not be detected in the experimental group with chondrocytes. 

After six and nine weeks, the cells had the same morphology as after 
three weeks. Mainly round-shaped cells could be detected in more wide- 
spread and smaller cavities (higher cell distribution, see Fig. 20.1). No cells 
could be found in the PTFE membrane. 
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Fig. 20.1. Production of intra- und extracellular matrix products by in-vitro amplified chon- 
drocytes in Fibrin-Coating. Azan-staining after 3 weeks (above) and 9 weeks (below) in con- 
tinuous perfusion culture system (Magnification: 100x/400x) 



According to the data after three weeks, immunohistochemical staining for 
keratan-sulphate and chondroitin-sulphate revealed a distinct, positive ex- 
pression around the cell aggregates. In contrast to the data after three weeks, 
after nine weeks a distinct, positive expression for both glucosaminoglycanes 
could also be detected in the former fibrin matrix. 

Unfortunately, no increase in the expression of collagen II and IX between 
three weeks and nine weeks could be observed. Fortunately, no expression of 
collagen I as an untypical product of hyaline cartilage could be detected. 
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20.4 

Discussion 

The typical initial response to tissue injuries in vascularized tissue is the 
production of a fibrin clot. Because of the avascularity, this first step of re- 
parative response could not occur in cartilaginous tissue injuries. It thus 
seemed interesting to test fibrin adhesive as a potential scaffold for rediffer- 
entiation of human in-vitro amplified chondrocytes. 

In this experiment we were able to show that in a continuous perfusion 
chamber system, commercial fibrin adhesive is a potential scaffold for the 
long-term culture of human chondrocytes for at least nine weeks. With im- 
munocytochemical techniques, we were able to find an intra- and extracellu- 
lar expression of hyahne-cartilage-specific products (chondroitin-sulphate, 
keratan-sulphate, and collagen II, IX). 

In contrast to our results, Brittberg and co-workers [8] were not able to 
observe chondral differentiation in commercial fibrin adhesive. They used 
stationary culture systems for their experiments. Probably, the differentiation 
of chondrocytes in fibrin glue could only be achieved in a continuous perfu- 
sion chamber system. It also seems to be important that chondrocytes are 
completely incorporated in the fibrin matrix, to observe redifferentiation. 

With our new fibrin-coating technique, we were able to achieve a better 
distribution of chondrocytes and their products in the whole scaffold. The 
quality of products excreted by the incorporated cells were similar to the re- 
sults described before [10]. 

By adding growth factors, we hope to improve chondrocyte redifferentia- 
tion, mainly an increase in collagen II production. 

The biocompatible PTFE membrane was used as an initial stabilizer. After 
in-vitro redifferentiation of chondrocytes in fibrin adhesive and the creation 
of a hyaline-like cartilage, it could be removed easily before a probable im- 
plantation in vivo. 

Acknowledgement. DFG (Ne 575/1-1) 
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In vitro Engineered Cartilage for Reconstructive Surgery, 
Using Biocompatible, Resorbable Fibrin Glue/Polymer 
Structures 

A. Haisch • T. Rathert • O. Schultz • V. Jahnke • G. R. Burmester • 

M. SiTTINGER 



Summary 

Tissue engineering, one of the most challenging fields in research, offers new 
revolutionary perspectives in solving problems concerning tissue replace- 
ment. Current practical approaches in cartilage engineering still face prob- 
lems with three-dimensional cell distribution, or they require components 
for cell immobilization which raise biocompatibility problems. In this study, 
we shall present a model using cells crosslinked by fibrin within biocompati- 
ble resorbable polymers. Both components have been in clinical use for a 
long time. Immunohistochemical procedures have shown that this model 
provides optimal requirements for in vitro cartilage production. Cartilage- 
specific extracellular components like proteoglycan, chondroitin sulfate and 
collagen II have been immunochemically characterizized. Histomorphological 
methods showed a mechanically stable tissue compound for at least six 
weeks. We suggest that this model fulfillls all the biocompatible requirements 
for in vitro production of autologous, individually shaped cartilage trans- 
plants for reconstructive surgery. 



21.1 

Introduction 

The multitude of implants used today in facial plastic and reconstructive sur- 
gery is a testament to the ongoing search for an ideal im plant. Faced with 
the projected increase in head and neck malignancies and the baseline inci- 
dence of malformations, the challenge to find a viable and durable implant 
will continue. Reconstructive efforts to reproduce a three-dimensional cartila- 
ginous framework with subtle topography from the cranium have challenged 
surgeons for decades. Satisfactory results demand the manipulation of less- 
than-ideal components. The ideal method in surgical reconstruction would 
be the replacement of tissue defects with autogenous vital tissue. In the case 
of cartilage defects, a limited quantity of usable autogenous tissue as well as 
undesirable donor site morbidity can make it impossible to obtain this 
“ideal” reconstruction in some patients. 

The tissue engineering concept of autologous transplant creation presented 
here is based on the surgical replacement of a minimal human septal carti- 
lage biopsy, followed by cell isolation from the cell-covering extracellular car- 
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tilage matrix, with subsequent cell amplification and, at the end, three-di- 
mensional cell arrangement and transplant shaping. 

Earher investigations in cartilage engineering, based on juvenile bovine 
cartilage biopsies and using carriers like agarose gel, showed respectable re- 
sults. Unfortunately, these models could not be transferred to clinical apphca- 
tion for several reasons. 

(1) Juvenile chondrocytes with their immense potential for amplification 
and redifferentiation are not availiable within the adult human body. 

(2) A heterogeneous transplantation of bovine chondrocytes is excluded 
for reasons of immunology and infection. 

(3) The agarose gel carrier lacks biocompatibility and shapable stabiHty 
during in vitro transplant formation. Cartilage engineering based on human 
cartilage biopsies, simulating the basehnes for following clinical application 
as close as possible, deals with differentiated and adult chondrocytes, cells 
with a totally different potential for amplification and redifferentiation. 

The objective of the present work was to generate conditions that would 
provide human chondrocytes in vitro with a microenvironment to support 



Fig. 21.1. Concept of autolo- 
gous transplant engineering 
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their physiological behavior in order to gain the optimal transplant config- 
uration. The artificial temporary cell matrix has to guarantee a homogenous 
three-dimensional distribution of the chondrocytes and constant nutritional 
supply. In addition, we have to deal with the practical aspects of a bioresorb- 
able scaffold of a defined anatomical shape, which further more includes the 
need for immunological acceptance and safety against infection. Excluding 
all the disadvantageous properties of the above-described carriers, in this 
study we investigated chondrocyte behavior and cartilage matrix formation 
in fibrin gel and fibrin gel/polymer carriers, substances with long-time clini- 
cal use and weU-known biocompatibiHty. 

21.2 

Materials and Methods 



21 . 2.1 

Cell Isolation and Cultivation 

Surgically removed human nasal septum cartilage was cleaned of bone and 
perichondrium, diced into pieces of approximately 1 mm^ and enzymatically 
digested with 1 mg/ml coUagenase P (Boehringer), 0.1 mg/ml Hyaluronidase 
(Serva, Frankfurt) and 1.5 mg/ml DNAse (Paesel, Frankfurt) in RPMI 1640 
Medium (Seromed, Berlin). The obtained cells were passed through a nylon 
filter (Reichelt Chemie, Heidelberg) and washed three times in Hanks solu- 
tion. The amount of vital cells was determined by a hemocytometer count 
using trypan blue exclusion staining. 



21.2.2 

Carrier Material: Fibrin Glue 

Tissucol Duo SI fibrin glue system (Immuno, Heidelberg), consisting of a fi- 
brinogen component (Human Plasma Protein Fraction: 80-120 mg; Fibrino- 
gen: 70-110 mg; Factor XIII: 10-50 E; Plasminogen: 0.02-0.08 mg; Aprotinin: 
3000 KIE) and a thrombin compound (Human Thrombin: 500 IE; Calcium 
chloride 2 H 2 O: 5.88 mg) were mixed to obtain a gel structure. Thrombin 
was diluted in a ratio of 1:10 with RPMI 1640 Medium, and the cells were 
suspended in the glue component in a ratio of 1:1. 



21.2.3 

Carrier Material: Polyglycolid-Polylactid Fleece 

Lyophilized bioresorbable co-polymer fleeces of vicryl and polydioxanon 
(Ethicon, Norderstedt) of 2-mm thickness were cut into lOxlO-mm slices and 
loaded with the chondrocyte-fibrinogen suspension. 
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21.2.4 

Monolayer Chondrocyte Culture 

Cell amplification was performed in culture flasks (Nunc, Naperville, USA) with 
modified RPMI 1640 Medium (10% PCS, 2% Hepes, 1% Penicillin/Streptomy- 
cin). Therefore 4-5x10^ cells were plated on 75-cm^ culture flasks and incu- 
bated under standard culture conditions. The medium was renewed every 2 days. 



21.2.5 

Three-dimensional Chondrocyte Culture 

For a three-dimensional chondrocyte culture, we prepared a native, freshly 
isolated chondrocyte population and chondrocytes cultivated for 3-4 weeks 
over several passages. Cells were suspended in the fibrinogen glue solution in 
a 1:2 ratio and transferred into separate wells of a 24 well-tissue plate (Bec- 
ton Dickinson, NJ). Cell density was 10-15xl0^/cm^. Gel formation was ob- 
tained by the addition of a 50-|il thrombin solution into each well. In a 
further step, chondrocytes to an amount of 10x10^ cells per fleece were 
loaded into the polymer constructs by overlaying the biomaterial with the 
chondrocyte/fibrinogen glue suspension. Fibrin polymerization was com- 
pleted similarily to gel preparation. Cell culture was performed under stan- 
dard conditions with a continous feed medium supply using separate cell 
perfusion chambers (Minucell, Regensburg) [1]. 



21.2.6 

Tissue Characterization and Histochemical Analysis 

The cultured tissues were harvested and cryo-preserved in liquid nitrogen. 
Cryo sections of 15 pm were prepared for a panel of histochemical examina- 
tions. Monoclonal antibodies specific for differentiated chondrocytes, for col- 
lagen types I and II (Chemicon, Temecula, USA), for chrondroitin sulfate, 
and for cartilage proteoglycan were used for APAAP immunohistochemistry 
to characterize cells and matrix synthesis [2]. The markers for differentiated 
chondrocytes (Humcl, Humc3, and Humc4), kindly provided by E.M. Lance, 
Shrinners Hospital for Crippled Children, Honolulu, were negative in the vast 
majority of chondrocytes after they had been cultured in monolayer for two 
weeks. The synthesis of proteoglycans was analyzed by toluidine and alcian 
blue staining on fixed cryo sections of the cell/polymer tissues. Collagen syn- 
thesis was further investigated by azan staining. 

21.3 

Results 



21.3.1 

Light-microscopical Examination 

Native, freshly isolated chondrocytes showed a homogenous distribution 
within the fibrin gel and appeared morphologically similar to those in native 
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tissue, which means most cell shapes were rounded or ellipsoidal with a con- 
siderable degree of pleomorphism. The cells appeared to be structurally in- 
tact with microscopically recognizable protrusions of the cellular membrane, 
and they kept their phenotype over the whole cultivation period. The chon- 
drocytes, amplificated over several passages with a doubling time of 4-6 days 
in a monolayer culture, showed a fibroblast-like morphology as a feature of 
dedifferentiation. After the transfer into the fibrin gel or the fibrin gel/poly- 
mer constructs, the majority of cells regained their chrondrocytic round phe- 
notype over a hypertrophic intermediate state and remained phenotypically 
stable up to six weeks. Furthermore, a homogenous distribution within the 
fibringel or the fibrin gel/polymer construct was obtained. 



213.2 

Histology and Immunohistochemical Analysis 

The chondrocytes in fibrin gel cultures continued and maintained synthesis 
of collagen and proteoglycans, as analyzed by histochemical staining on cryo 
sections. Tissue sections presented an extensive matrix staining when treated 
with azan, alcian and toluidine. After 3-4 weeks of culture, gross examina- 
tion of the chondrocyte/polymer scaffolds showed a solid cartilaginous tissue 
of the original configuration. The permanently degrading and resolving fi- 
brin glue component allows the chondrocytes to build up a solid cartilage 
matrix within the longer-persisting, shape-stabilizing polymer fleece. 

Immunohistochemical analysis revealed that newly synthesized extracellu- 
lar matrix in the three-dimensional cultures contained cartilage-specific type 
II collagen, as shown by monoclonal antibodies, indicating a cartilage typic 
development of the new matrix. Furthermore, specific matrix compounds of 
cartilage such as chondroitin sulfate and cartilage proteoglycane were de- 
monstrated to be positive in all tissue samples. In control samples of fibrin 
glue and polymer fleece without cells, we did not observe positive staining. 
During the first week of in vitro cultivation, the chondrocytes showed sm^l 
amouts of pericellular collagene II and proteoglycanes. Increasing the time of 
in vitro cultivation, a permanently increasing amount of collagen II and pro- 
teoglycanes could be observed. After nearly 3-4 weeks of cultivation, a maxi- 
mum compound of pericellular matrix components seemed to be achieved. 
In vitro cultivation up to 6 weeks does not promote additional pericellular 
matrix density. 

21.4 

Discussion 

In this study we report on the preparation of a three-dimensional cell culture 
system, enabfing chondrocytic cells to (re-)maintain their functional pheno- 
type. Cartilage is predominately composed of a matrix of proteoglycanes and 
two fibrous proteins, collagen and elastin. Collagen compromises approxi- 
mately 30% of the body’s total protein and functions to maintain overall 
structural shape. Multiple subtypes of collagen have been defined, and type 
II predominates in all forms of cartilage (hyaline, elastic, and fibrocartilage). 
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Proteoglycanes in the extracellular matrix of cartilage contain polysaccaride 
groups called glycosamineglycanes (GAGs), which are Hberated following di- 
gestion with proteolytic enzymes. Hyaluronic acid, chondroitin sulfate, and 
keratin sulfate are three GAGs found in the ground substance matrix of carti- 
lage. Specific enzymes like trypsin and coUagenase are used to target these 
structural blocks, thus allowing chondrocytes to be liberated from their ma- 
trix for subsequent isolation and culture. 

The maintenance of quaUty chondrocytes resulting from the tissue engi- 
neering process represents another challenge. In monolayer culture, the 
amount of chondrocytes is increased 100 times and more. During this prohf- 
eration period, the chondrocytes shift their collagen type II synthesis to col- 
lagen types I and III and show a fibroblast cell-like phenotype. This dediffer- 
entiation induced by monolayer culture is stopped and turned back if cells 
are placed in a three-dimensional scaffold [3-4]. Sittinger, Bujia, and co- 
workers have shown that dedifferentiated chondrocytes placed in a three-di- 
mensional agarose gel will fully recover and redifferentiate [5- 10]. A visible 
advantage of gel carriers like agarose is the homogenous cell distribution 
and the permanent supply of nutritional fluids through the gel. Prospective 
clinical applications of agarose gel will be restricted by its lack of stability 
and by the dearth of investigation on its biodegradibility and on its safety 
against infection. Concerning these disadvantages of gel carriers, Vacanti and 
co-workers focused on porous, biodegradable polymers and were able to 
show that chondrocytes grown on rigid, synthetic, three-dimensional, biore- 
sorbable polymer fleece matrices are fully differentiated and capable of pro- 
ducing type II collagen in vitro [11-12]. Homopolymers of lactid acid and 
glycolic acid are attractive candidates for fabricating tissue engineered scaf- 
folds. These scaffolds have been used in several medical devices for over 25 
years and are generally considered to be biodegradable and biocompatible. 
The porosity, the mechanical properties, and the degration times are regu- 
lated by the ratio of lactid:glycolic acid. Polymer fleece structures offer high 
mechanical stability and maximum internal surface. Depending on the poros- 
ity, the handling of the cell distribution within the polymer fleece could be 
difficult and result in an inhomogenous cell distribution, leading to trans- 
plant instability and loss of functionality. Furthermore, the adhesion of cells 
on the surface of polymer fibers differs and could lead to a loss of cells dur- 
ing the time of in vitro cultivation. 

In the search for an alternative gel carrier to agarose gel, fibrin glue was in- 
vestigated for its use in cartilage engineering. Fibrin glue is a well-investigated 
medical device and has been used for over 20 years in clinical and laboratory 
medicine [13]. Fibrin glue is also generally considered to be biodegradable 
and biocompatible [14-16]. The described results emphasize that fibrin glue 
matrices provided the cells with a microenvironment which allows them to 
synthesize their own peri- and extracellular matrix. Furthermore, gel struc- 
tures based on fibrin glue components are also feasible culture media that pro- 
vide homogenous and stable three-dimensional cell distribution, enabling the 
chondrocytes to redifferentiate and form their pericellular matrix. In contrast 
to gel structures like agarose, fibrin glue guarantees full biocompatibility and 
high security from infection. Despite all the described advantages of fibrin 
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glue carriers, the isolated use of fibrin glue components to form well-defined 
and thin anatomically shaped structures is limited. Fibrin glue does not offer 
enough stability of shape during the process of in vitro cultivation. 

Therefore, the combined use of fibrin glue and synthetic polymer fleece 
for use as a three-dimensional scaffold was investigated. The combination of 
polymer fleece and fibrin glue scaffolds merges the benefits of both scaf- 
folds. Polymer fleece guarantees initial conservation of shape, and fibrin glue 
offers stable, homogenous, three-dimensional cell distribution. The observed 
increasing formation of pericellular matrix components like collagen II and 
proteoglycanes leads to a homogenous, stable cartilage transplant with good 
mechanical properties. 

Summarizing the results of the work presented here, we suggest that in vi- 
tro engineering of human cartilage, based on the combination of autologous 
chondrocytes, bioresorbable polymer fleeces, and fibrin glue, allows for the 
formation of pre-shaped vital autologous cartilage and offers new perspec- 
tives in auricular reconstruction. Before performing clinical trials, further in- 
vestigations will be required in an animal model to determine long-term re- 
sults after implantation. 
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Autologous Chondrocyte Transplantation: 
Chondrocyte Culturing and Clinical Aspects 
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22.1 

Introduction 

The high clinical and sodo-economical impact of cartilage defects and chon- 
dral degeneration is well known. After trauma or without known ethiology, 
young patients often suffer from pain and loss of function leading to a de- 
crease in physical activity and, which is more severe, to long-term disability 
and unemployment. A wide variety of symptomatical treatments have been 
described: drilling [1], abrasion and lavage [2], osteotomies [3, 4] etc. The 
short-term results are promising, but in the long run, patients might have to 
be treated for osteoarthritis as the fatal consequence of failure, with total 
joint arthroplasty in the end. Therefore, the repair of full-thickness cartilage 
defects is a major topic of researchers worldwide. Under the term “chondro- 
plasty”, a variety of techniques is in use with the common goal to fill the de- 
fect and enable the growth of cartilage-like tissue. Osteochondral grafts are 
well known and now availabe as an arthroscopic method (e.g.. Mosaic 
plasty) [5]. Soft tissue grafts (e.g., periosteum flap, perichondrium flap, fas- 
cia) have not been studied as extensively yet, but they show promising re- 
sults [6, 7] of creating a mostly fibrous repair tissue. 

Assuming that the quaUty of the repair tissue is of any importance, the 
idea of “engineering” articular cartilage is followed more and more fre- 
quently. Scientists have mainly focused on two different theories. One is 
based on the idea that articular cartilage is cultured in vitro on three-dimen- 
sional bioresorbable matrices to complete differentiation and is implanted in 
a preplanned and desired shape. This model was inaugurated by Vacanti and 
co-workers [8]. Different biodegradable substances (collagen, fibrin) and 
polymers (polylactic, carbon fibers, polyester, etc.) are tested in vitro and in 
animal models [9, 10]. Results indicate clinical use mainly in reconstructive 
surgery, since mechanical quality and anchorage prohibit major stress-load 
of the implant. The second model favorizes the implantation of the cultivated 
chondrocytes in a dedifferentiated stage to enable differentiation of the cells 
in vivo with the generation of a physiological, hyaline matrix. Various stud- 
ies on animal models have described positive results 111, 12]. 

The first clinical applications are based on the work of a group of Swedish 
researchers in Gothenburg [13]. They established the method of autologous 
chondrocyte transplantation in 1994 for the treatment of full-thickness carti- 
lage defects, at the moment limited to the femoral condyle and the retropa- 
tellar surface of the knee joint. Clinical appearance and MRI lead to an ar- 
throscopy to measure the exact volume of a cartilage defect and to take a 
biopsy of healthy cartilage for in vitro cultivation of cartilage cells. In a sec- 
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ond procedure, chondrocytes in suspension are implanted under a perios- 
teum flap to fill the defect and to form hyaline-like cartilage. 

The technique of cultivation is well documented [14]. In addition, we shall 
present data showing the growth potential of osteoarthritic chondrocytes in 
vitro. 

22.2 

Method 

The cartilage tissue we used in our study was taken from resected, arthritic 
joint surfaces while implanting a hip or knee arthroplasty. The cells were iso- 
lated and cultivated with a modified technique according to Bulstra et al. 
[15] using three different conditions. In group I, the cells were cultivated as 
a monolayer culture, in group II, on a collagen fleece, and in group III, the 
cells were seeded into a gelatine-agarose gel and cultivated for a period of 30 
days. After 10, 20, and 30 days the cells were counted after trypsinization in 
a counting chamber according to Neubauer. The viabiUty of the cells was de- 
termined with a trypan blue test. In all, 25 specimens were included in the 
study. Criteria of exclusion were infection, rheumatic diseases, and malignant 
tumors, as well as metabolic disorders. 

22.3 

Results 

Demographic data is shown in Table 1. The ratio of knee joint to hip joint as 
cartilage graft was 8% to 92% in group I, 33% to 67% in group II, and 50% 
to 50% in group III. 

In the monolayer cultures (group I), we counted a fairly small increase in 
the number of cells from 4.0 to 4.8x10^ /ml up to the 10th day of cultivation. 
The microscopic aspect changed to fibroblast-like cells as a result of dediffer- 
entation. Watching the cell proliferation on a collagen fleece (group II), a 
high increase of cells from 4.0 to 7.3x10^ cells/ml up to the 10th day of culti- 
vation could be observed. The maximum was observed after 20 days of culti- 
vation, with 7.8x10^ cells/ml. Histology was characterized by redifferentiated 
chondrocytes with typical phenotypes surrounded by a clear matrix. Using a 
gel of gelatine and agarose (group III), a similar increase of the number of 
cells could be observed. In this study the maximum was reached after the 
20th day, with 7.5x10^ cells/ml. When we evaluated the viability of cells with 
the trypan blue test in group I, a viability of 80% could be proved within the 



Table 1 . Demographic data of cartilage donors 





Group I 
(monolayer) 


Group II 
(collagen fleece) 


Group III 

(gelatin-agarose gel) 


Age mean (yrs) 


64 


66 


72 


Sex M/F (%) 


M 62% 


M 67% 


M 33% 




F 38% 


F 33% 


F 67% 
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whole time period, of examination. Approximately identical results could be 
observed for group II as well as for group III (Fig 22.1). Within the whole 
testing period the viability of cells averaged 80%. The increase of cells in the 
three tested groups proved to be highly significant between groups I and II 
(p<0.001) and groups I and III (p<0.001), using the Mann-Whitney U-test. 
This difference remained constant during the whole testing period. There 
was no significant difference between the number of cells in groups II and 
III (Fig 22.2). 

Summarizing the results, it can be stated that isolated chondrocytes from 
osteo-arthritic cartilage in monolayer cultures show only a low rate of prolif- 
eration. Cultivating on a collagen fleece, a highly significant increase in the 




p group I 
■ group II 
|g-groupllf| 



Fig. 22.1 Viability of cultivated human chondrocytes from osteo-arthritic cartilage with try- 
pan blue test (group I: monolayer culture; group II: collagen fleece; group III: gelatine agar- 
ose gel) 




Fig. 22.2 Comparison of means of in vitro cultivated chondrocytes from osteo-arthritic carti- 
lage (group I: monolayer culture; group II: collagen fleece; group III: gelatine agarose gel) 
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rate of proliferation was observedj compared to monolayer cultures. Gelatine- 
agarose cultures likewise showed a highly significant increase in the rate of 
proliferation, compared to the monolayer cultures. Regarding cell proUfera- 
tion, groups II and III did not show any significant difference. The rediffer- 
entation of cells cultivated on a collagen fleece and that of cells in a gelatine- 
agarose gel was found to be much more prominent than in a monolayer cul- 
ture. The conclusion that chondrocytes from osteo-arthritic cartilage can be 
cultivated in vitro might ease the access of older patients to the methods of 
cartilage repair. 



22.4 

Discussion 

The first clinical results of autologous chondrocyte transplantation seem to 
be promising. All of our patients had prior surgery without lasting success 
after a history of osteochondral fracture, osteochondritis dissecans, or local- 
ized chondromalacia. Even with satisfactory or good function of the knee, 
pain remained persistent. Solid data will be available shortly. A tendency of 
swelling was seen in all the patients up to two months post surgery. Five- 
year results are described as good/excellent in 85-95% by the original 
authors [16]. Time will show the benefits, pitfalls, and complications of this 
new method. New techniques, perhaps arthroscopically, of chondrocyte im- 
plantation will be developed and the indications will be changed, but the 
idea of a causal therapy for cartilage defects puts a whole new perspective on 
the work of any physician dealing with chondral degeneration, including me- 
niscal lesions and spinal disc herniae. Perhaps in the future, after excessive 
and expensive research, autologous chondrocyte transplantation will be de- 
scribed as the dawn of regenerative joint disease treatment. 
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Abstract 

In reviewing the scientific literature of hard-tissue repair/generation, it can 
be concluded that it is worthwhile to evaluate the possibility of obtaining 
synergistic effects by combining bioresorbable scaffolds with other factors 
stimulatory to osteogenesis. Theoretically, this can occur at different princi- 
pal levels. Cytokines, including growth factors such as BMP, the IGFs, TGF-b, 
PDGF, may be stimulatory to the differentiation of cells of the osteoblastic 
lineage, thus having the potential to promote an increased recruitment of os- 
teogenic cells. The IGFs, TGF-b, and PDGF are known to stimulate the syn- 
thetic capacity of mature osteoblasts. In addition, the FGFs are angiogenic 
and may thus improve nutrition for a healing bone defect by an early estab- 
lishment of the vascular bed. At present, the field of growth-stimulatory fac- 
tors is strongly expanding. Even though the effects on bone of such factors 
are far from being completely elucidated, it may be expected that some of 
them will be of clinical relevance in the future. Future developments of de 
novo biodegradable and bioresorbable carrier and matrix materials treated 
with growth factors should have the objectives: biointeractive and biomi- 
metic devices/implants endowed with cell or cell-based signals; a synthetic 
extracellular matrix for enhanced cell interaction, cell polarization, or remo- 
deling; and a temporal and/or spatial delivery of bioactive agents over short 
and long time-periods. 

23.1 

State of the Art 

Reddi and co-workers [1] studied the biological principles of bone induction 
and came to the conclusion that bone morphogenetic proteins require a com- 
petent substrata or carrier in order to be effective. Wang and co-workers [2] 
implanted rhBMP-2 in a lyophilized configuration without a carrier and were 
able to show bone formation. Although utihzation of a carrier may not be es- 
sential under ideal treatment conditions, it does provide elementary advan- 
tages in regard to chnical predictability. Wozney [3] concludes that the ma- 
trix design not only defines the shape of the resulting hard tissue, but also 
allows a lesser amount of BMP to be effective by retaining it at the site for 
the time necessary for bone induction to occur. The overall growth factor do- 
sis rate is an important factor from a economical point of view. For example. 
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out of 1000 kilogramms bovine bone, 1 gram of rhBMP can be extracted un- 
der GMP conditions [4]. 

In addition, investigators seeking advanced matrix materials and carriers 
are not severely limited in candidate biomaterials, but by the lack of sophisti- 
cated, reproducible, and economical manufacturing and processing technolo- 
gies. This is evident from the relatively small number of different processing 
and design concepts described in the scientific bone growth factor literature. 

The ideal matrix material and carrier of bone growth factors should be 
noncollagenous, not allowing the transmission of viral antigens, immuno- 
genically inert, osteoconductive and bioresorbable [5-7], as well as suppor- 
tive of angiogenesis and thus vascularization [8]. Today, four types of bioma- 
terials have been experimentally and/or clinically studied as matrix and car- 
rier material for growth factor applications: 

(1) synthetic organic materials: poly (a-hydroxy-acids), polyethylene glycol 

(2) synthetic inorganic materials: hydroxyapatite, tricalciumposphate, plaster 
of Paris, titanium 

(3) organic materials of natural origin: collagen, fibrin glue, bone extraction 
residues 

(4) inorganic material of natural origin: porous coralline hydroxyapatite, in- 
organic bovine bone matrix of calcium-deficient carbonate apatite, AAA 
bone 



23.1.1 

Synthetic Organic Materials 

Aliphatic polyesters constitute the most attractive family among the synthetic 
organic materials. Poly (a-hydroxy acids) constitute a class of polymers re- 
presented by the general formula -(-O-CHR-CO-)-n and have been exten- 
sively studied in the medical device and biomaterials society [9]. Over the 
last five years, poly (a-hydroxy-acids) have been used as a bioresorbable ma- 
trix and carrier material for BMP in several experimental studies. 

Fergusson and co-workers [10] implanted a PGA/PLA disk with a dosis of 
100 mg of BMP in the cranial defects of rhesus monkeys. Hollinger and co- 
workers [11] used a device made of copolymer PGA/PLA incorporated with 
105 mg of BMP to regenerate craniotomy defects in monkeys. Meikel nad co- 
workers [12] studied bovine BMX with BMP activity using a PGA/PLA disk 
as a carrier in calvarial defects in rabbits. Miyamotto and co-workers [5-6] 
evaluated the induction of ectopic bone in the dorsal muscles of mice after 
the injection of a semiliquid matrix material made of low molecular weight, 
PLA-based polyethylene glycol block copolymer in combination with hydro- 
xyapatite treated with 4 mg of BMP. Miki and co-workers [13-14] performed 
several experimental studies of PLA and PGA/PLA disks with different mo- 
lecular weights treated with 0.25 mg BMP. 

Puelacher and co-workers [15] cultivated multilayers of osteoblasts on a 
non-woven mesh made of polyglycolic acid fibers as well as the mesh coated 
with PLA. The tissue engineered devices were placed in 9-mm non-healing 
defects in athymic rat femurs. 
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23.1.2 

Synthetic Inorganic Materials 

Schliephake and co-workers [16] used poly (L-lactid-co-D,L-lactid) devices in 
a 7:3 ratio in combination with bFGF coated porous hydroxyapatite to create 
proUferation chambers for in vivo cultivation of preformed mandibular bone 
grafts. The polymer device was nonporous and had a film-like design with a 
shghtly structured surface. The intrinsic viscosity was measured at 1.2 dl/g. 
In all studies, the bFGF treated matrix material provided adequate scaffold 
function to achieve complete penetration of the chamber volume by bone 
originating from the underlying host bone within five months. 

Ripamonti and co-workers [17-18] studied the geometry of porous hydro- 
xyapatite bone morphogenetic protein delivery systems. Yamazaki and co- 
workers [19] studied the biological response of the mouse femoral muscle to 
an implant of a composite of bone morphogenetic protein and plaster of Paris. 

23.1.3 

Organic Materials of Natural Origin 

Collagen is the natural matrix and carrier for growth factors, e.g., BMP’s. 
Collagens form the most substantial group of structural proteins in connec- 
tive tissue and represent about one-third of total body proteins. To date, 
more than 13 types of collagen have been isolated, some of which have been 
completely characterized, and others only partially characterized [20-22]. 
The individual types differ in their preliminary structure as well as in their 
macromolecular arrangement. However, a simplified category can be made of 
three groups: interstitial or fibril forming collagens, collagens of the base- 
ment membrane, and so-called “minor collagens,” which appear in relatively 
small amounts in the tissue [21]. 

Of the naturally occurring or biological polymers used in surgery, collagen 
is by far the polymer most intensely studied. Collagen has been used as a su- 
ture material for over a century. In general, it is derived from submucosa of 
bovine or bovine intestine, hence the name “gut.” The collagenous tissue so 
derived is treated in an aldehyde solution which cross-links and strengthens 
the preparation. In addition, this chemical treatment makes the collagen 
more resistant to enzymatic degradation. Suture material treated in this way 
is called “plain gut.” If the suture is additionally treated in chromium triox- 
ide, it becomes “chromic gut.” Chromic gut suture is more highly cross- 
linked and hence is stronger and more resistant to biodegradation. Salthouse 
[22] has demonstrated that the mechanism by which gut or other collagen 
implant materials degrade is by the sequential attack by lyosomal enzymes. 
In most locations, the initial attack is by acid phosphatase, with leucine ami- 
no peptidase activity increasing later during the degradation period. Collage- 
nase is also thought to play a role in the enzymatic degradation of collage- 
nous materials. In fact, the activity of collagenase is much higher for pro- 
cessed, denatured protein than for naturally occuring native collagen [23]. 
The activity of collagenase can be reduced, however, if the collagen is cross- 
linked either with metal ions, which act as enzyme poisons, or with aide- 
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hydes. Consequently, treatment with glutaraldehyde, formaldehyde, or chro- 
mic salts greatly improves the degradation kinetics of these collagen-based 
materials [24]. 

The pure triple hehcal collagen molecule does not elicit a strong antigenic 
response. However, associated cellular debris, ground substance, or the asso- 
ciated non hehcal telopeptide region of the coUagen molecule can evoke a 
rather strong antigenic response [25-27]. In an effort to reduce the antigenic 
response of processed collagen-based materials, methods of dissociation, pur- 
ification, and reconstitution of collagen have been developed. The source of 
such collagen is usuaUy animal tendon or hide. The reconstitution process 
yields a pure, less antigenic collagen [26-27]. 

Boyne and co-workers [28-29] and Nevins and co-workers [30] performed 
several experimental and clinical studies evaluating the guided bone regen- 
eration capacity of collagen sponge implants impregnated with BMP-2. Vilja- 
nen and co-workers [31] used purified type IV collagen as matrix material in 
combination with bone morphogentic protein (mBMP) to induce repair of 
critical-size skull defects in sheep. Moore and co-workers [32] used a collage- 
nous delivery system for osteoinductive factors. 

Human fibrin as a physiologic delivery system for BMP’s was applied by 
Kawamura and Urist [33], whereas Takaoka and co-workers [34] used a telo- 
peptide-depleted bovine skin collagen as a carrier. 



23.1.4 

Inorganic Material of Natural Origin 

Terheyden and co-workers [35] studied two different hydroxyapatites, 
namely, ALGIPORE and BioOss coated with the growth factor rHOPl(BMP- 
7). Algipore is a coralline hydroxyapatite extracted from the goniopora coral 
by a hydrothermal exchange reaction with phosphate. This material contains 
trace levels of beta-tricalcium phosphate. The matrix is resorbable, and the 
unique form of the granules mimics the macrostructure of natural bone. The 
pores of this matrix material are connected with each other to form continu- 
ous, uniform channels with no dead ends. The interconnected pores suppos- 
edly provide optimal permeability that encourages tissue ingrowth, vasculari- 
zation, and deposition of new bone [36]. Bone healing around this type of 
bone graft has been characterized initially by fibrovascular invasion into the 
graft pores, followed by osteoblastic invasion, organization and lamellar bone 
apposition on the graft surface [36]. The material is commercially available 
in two granule sizes (i.e., 200-500 microns, and 500-1000 microns) and pre- 
sents a range of pore sizes between 190-230 microns. The surface area of 
each graft particle is considerably greater than that of porous synthetic bio- 
ceramics, and the modulus of elasticity is similar to natural bone [37]. 

Feifel and co-workers [38] evaluated a phycogentetic hydroxyapatite cera- 
mic (ALGIPORE) coated with a bone inducing complex (BIG) in distal femur 
of the rabbit. Herr and co-workers [42] investigated different hydroxyapatite 
ceramics for their suitability as carriers for osteoinductive factors. 

BioOss is a particular inorganic bovine bone matrix of calcium-deficient car- 
bonate apatite with a crystal size of approximately 10 nm [39-40]. The material 
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is commercially available in three particle sizes (i.e., 250-1000 microns, 500- 
1000 microns, and 1000-2000 microns) as well as in two different bone types 
(i.e., cortical or cancellous bone). The osteoconductive xenograft has slow de- 
gradation kinetics due to the appHed manufacturing technology and the chem- 
ical structure. All proteins are removed during various chemical and physical 
processes, which are performed under GMP and ISO 62001 guidehnes. 

Ono and co-workers [41] as well as Herr and co-workers [42] studied 
bone induction in hydroxyapatite combined with BMP. Johnson and co-work- 
ers [43] used autolyzed, antigen-extracted, allogenic (AAA) bone as a matrix 
material for BMP. 

Reviewing the above experimental and clinical studies, it can be con- 
cluded that the ideal carrier and matrix material for bone growth factors has 
not yet been developed. Safe and highly reproducible manufacturing technol- 
ogy for the incorporation and fabrication of biological agents into a soUd 
form has not been established. The ideal bone morphogenetic protein con- 
centration or release rate over time to predictably initiate the osteoinductive 
cascade is still unknown. 

23.2 

Future Perspectives 

Tissue engineering is an emerging discipUne that applies engineering princi- 
ples to create devices for the study, restoration, modification, and assembly 
of functional tissues and organs from natural and/or synthetic sources [44]. 
From a biomaterial point of view, tissue engineering can be defined as the 
application of engineering disciplines in combination with biology, chemistry 
and bio-chemistry to maintain existing hard- and/or soft-tissue structures as 
well as to enable tissue growth. 

Today, tissue engineering principles have been appHed from a purely ma- 
terial point of view - more or less successfully - for the incorporation of 
bone morphogenetic proteins in a bioresorbable carrier or matrix. 



23.2.1 

Ideal Matrix and Carrier Materials 

In future, the development of bioresorbable matrix and carrier materials for 
BMP or other growth factors should emphasize the importance of the struc- 
tural design of the biomaterial that is employed as scaffolding architecture 
and should concentrate on optimizing anatomic and nutritional conditions. 
Hence, the bioresorbable device should stimulate active tissue integration of 
desirable cell types and tissue components. 

Maintenance of a certain level of growth factor concentration at the im- 
plant site, as accomplished by the gradual release of BMP, for example, is a 
physiological requirement to initiate the osteoinductive cascade. The physical 
properties and the architecture of the matrix defines the contour of the gen- 
erated and/or regenerated hard tissue but also allows a more physiological 
amount of growth factor to be effective by retaining it for the time necessary 
for bone growth induction to happen. A supreme matrix system experiences 
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a release kinetics such that the ideal BMP concentration is constant over the 
desired time interval. The sufficient time interval is influenced by the indica- 
tion, implantation site, volume of the bone defect, etc. In addition, the ma- 
trix material should be able to withstand an accelerated degradation and re- 
sorption in case of infection or other clinical comphcations. Due to the 
above-mentioned factors, different matrix materials have to be developed and 
evaluated which would allow a release kinetics of 3, 6, 9, or 12 months. 

The degradation of bioresorbable polymers proceeds via random, bulk hy- 
drolysis of ester bonds in the polymer chain. This is accompanied by a de- 
crease in molecular weight and, upon prolonged exposure to the degrading 
media, by weight loss. That means that the matrix material provides structur- 
al integrity up to a critical molecular weight. Then, the mass or weight loss 
begins, and the polymer becomes metabohzed. The function of the molecu- 
lar weight and mass loss curves of a tissue engineered bone growth factor 
carrier have to be designed so that the mass loss starts after the hard-tissue 
repair/regeneration process has been completed. The gradient of the mass 
loss function determines the amount of released degradation and resorption 
products (Fig. 23.1). A high rate of released byproduct could cause an in- 
flammatory reaction of the soft and hard tissue. For biocompatibihty rea- 
sons, the degradation and resorption kinetics of the chosen bioresorbable 
matrix material for growth factors should provide a slow mass loss rate. A 
minimal amount of by-products should be released daily into the surround- 
ing tissue, so that they can be easily removed by cellular uptake or diffusion. 
The relationship of the multiple factors - which have been discussed above - 
influencing the release kinetics and biocompatibility of a ideal BMP drug de- 
livery system is shown in Figure 23.1. 

Ikada [45] and his interdisciplinary group studied a polyglycolide nonwoven 
fabric and a gelatin hydrogel as a carrier and matrix material for rhBMP-2. The 
PGA non-woven fabric, containing rhBMP-2, induced ectopic bone formation 
inside the matrix, whereas the gelatin hydrogel formed bone at the periphery 
of the carrier. The results of their findings on the difference in macromolecu- 
lar morphology between the induced ectopic bones due to the physical proper- 
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ties and biocompatibility of the two biomaterials led the authors to conclude, 
that it is worthwhile to combine the natural and synthetic polymer in a so- 
called “hybrid” or “composite” matrix material concept. 

Today, our interdisciplinary research group is evaluating such a hybrid 
material concept. A bioresorbable scaffold design made of synthetic and nat- 
ural polymers was developed (Figs. 23.2 a-c). Two processing technologies 
have been studied to manufacture prototypes of the new matrix/carrier de- 
sign, namely, compression molding and supercritical fluid-gassing process. 
The supercritical fluid-gassing technology allows low process temperatures 
and constitutes a new manufacturing technology within the tissue engineer- 
ing community - opening up new potential applications and design con- 
cepts, particularly in the development of bioresorbable growth factor dehvery 
systems [46]. The gassing process technology allows the incorporation of 
heat-sensitive pharmaceuticals and biologic agents. Hence, the straightfor- 
ward mold engineering conception can be applied, which conceivably per- 
mits the incorporation of bone morphogenetic proteins in a solid form. 

In conclusion, the factors influencing the clinical success or failure of 
bone morphogenetic proteins incorporated in biodegradable and bioresorb- 
able devices need to be further researched and identified. From a tissue engi- 



Fig. 23.2 a. Graphical illustra- 
tion of an ided matrix/car- 
rier material fulfilling the re- 
quirements drawn by analy- 
sis of Fig. 23.1 




Fig. 23.2 b. The tissue engi- 
neered collagen/poly (L-lac- 
tide-co-D,L-lactide) 70/30/ 
collagen matrix/carrier sys- 
tem 
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Fig. 23.2 c. Electron micro- 
scopy of the new hybrid 
membrane. The sandwich 
design shows a porous poly 
(L-lactide-co-D,L-lactide) 70/ 
30 layer between two porous 
collagen layers 




neering point of view, special matrix and carrier systems as well as manufac- 
turing technologies have to be developed to incorporate biological and phar- 
maceutical agents as well as cell populations without inactivation. Further- 
more, technologies and reproducible manufacturing concepts have to be de- 
veloped for the incorporation of bone growth factors, for example, into a 
bioresorbable device matrix in a solid form. 
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Delivery Systems for Osteoinductive Proteins 
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24.1 

Introduction 

Bone morphogenetic proteins (BMPs) have been investigated for three dec- 
ades. The fact that demineralized bone and extracts of demineralized bone 
are osteoinductive was first shown by Urist [1]. The temporal sequence of 
bone induction was described by Reddi and co-workers [2]. Of the various 
growth and differentiative factors known, only the native and recombinant 
BMPs have shown the ability to singularly induce de novo bone formation 
both in vitro and in vivo. Their principle function is to induce transforma- 
tion of undifferentiated mesenchymal cells into chondroblasts and/or osteo- 
blasts. 

Purified native and recombinant BMPs, when used without a carrier, dis- 
perse immediately after implantation and exert no effect on bone induction. 
The missing component to successfully apply osteogenic proteins to clinical 
needs is the delivery system [3]. A successful delivery system must comply 
with a number of important biologic and physico-chemical properties. The 
optimal carrier for osteoinductive payload should be: (1) nontumorigenic, 
(2) nonimmunogenic, (3) water-insoluble, and (4) bioabsorbable with pre- 
dictable hydrolic and/or enzymatic degradation. 

Furthermore, it should provide: (5) an optimized surface for biocompatibil- 
ity, cell migration, and attachment, with a negative surface charge that should 
encourage target cell attachment, and (6) a slow-release delivery system that 
binds the proteins with predictable BMP release kinetics. Also, it should be 
(7) porous with interconnecting voids (to protect BMP from nonspecific pro- 
teolysis and to promote rapid vascular and mesenchymal invasion to be 
brought into contact with BMP). In addition, for wide-ranging clinical applica- 
tions, carriers for BMP must meet quite different mechanical and biofunctional 
requirements. In cystic cavities, the release system should be rapidly absorb- 
able and replaced by induced bone. Delivery systems for contour augmenta- 
tion require cohesion and malleability. For contour augmentation and recon- 
struction of discontinuity defects, we need a delivery system that prevents dis- 
location and retains the shape and bulk until new bone replaces the carrier. 

24.2 

Materials and Methods 

Extensive research is underway to develop appropriate carriers. Biological, 
synthetic, and composite delivery systems are being investigated (Table 24.1). 
At the beginning of BMP research, inactive insoluble collagenous bone ma- 
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Table 24.1. Delivery systems for BMP. TCP =Tricalciiimphosphate, fM = Hydroxyapatite, 
CS = Calcium sulfate (plaster of Paris), PIA = Polylactic acid, PGA Polyglycolic acid, 
ICBM = insoluble collagenous bone matrix, FS = Fibrin sealant 



class 


examples 


authors 


biologic 


organic 


ICBM 


Urist et al. [4] 


Collagen 

- human placental 


Deatherage & MiQer [14] 




- bovine skin 


Bessho et al. [18] 
Takaoka et al. [19] 




- bovine cancellous bone 


Hotz et al. [15] 




FS 


Kawamura & Urist [9] 


anorganic 




HA 

- coralline 


Ripamonti [20] 




- Sintered bone 


Katoh et al. [21] 


synthetic 


anorganic 


TCP 


Urist et al. [5] 




HA 


Kawamura et al. [22] 




CS 


Yamazaki et al. [23] 


organic 




Polymers 
- PGA/ PLA 


Schmitz & Hollinger [24] 


composites 


HA/FS 


Lovell et al. [25] 
Hotz [7] 




Collagen/TCP 

CoUagen/HA 


Takaoka et al. [26] 




CoUagen/TCP/HA 

HA+CS 


Damien et al. [27] 



trix (ICBM) was used as a delivery system for BMPs, as first described by 
Urist and co-workers [4]. However, the availability of human bone matrix is 
hmited, and some of the components remain unknown. Thus, alternatives 
are required. 

In several experimental studies we investigated HA-ceramics, TCPs, glass- 
ceramics and collagen matrix devices as carriers for BMP. The purpose of 
this paper is to present our experiences with the different biological and 
non-biological delivery systems for osteoinductive payload. 
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Results and Discussion 

TCP and HA are very well-known bone substitute materials. They were first 
described as a carrier for BMP by Urist and co-workers [5]. We investigated 
the efficacy of partially purified BMP absorbed onto nine different calcium 
phosphate ceramics of different pore size [6]. The ceramics were soaked with 
2 mg BMP and implanted intramuscularly. After four weeks, the implantation 
incidence of bone formation was high in each group, ranging from 75-100%. 
New bone formation was observed on the surface and in the macropores of 
the ceramics. 

Ceramic granules are difficult to manage during surgery. To eliminate the 
problem of dislocation and migration, the ceramic granules can be mixed 
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with fibrin sealant [7, 8]. Kawamura and Urist [9] suggested that fibrin glue 
has a remarkable synergistic effect on osteoinductive activity. 

HA granules are nonabsorbable, and TCPs only slowly absorbable. The 
ceramic remnants do not participate in the remodehng process, and they 
weaken the induced bony structures. Thus, there are limited cUnical indica- 
tions for ceramic devices. 

In another study, we therefore evaluated three rapidly absorbable novel 
glass ceramics as a carrier for BMP [10]. The glass ceramics are chemically 
derived from a-TCP. The porosity of the glasses was about 50%, with a pore 
size up to 600 pm. Compared to a-TCP, the solubihty of the bioglasses is in- 
creased up to 16- fold. Implants of 0.25 cm^ were seeded with 2 mg of par- 
tially purified porcine BMP-3 (pBMP-3, P2 fraction). Three weeks after ex- 
traskeletal implantation a marked resorption by multinucleated giant cells 
and microparticulation was seen. The implants were penetrated by a fibrous 
tissue showing capillary proliferation and marked inflammatory response, 
characterized by the inffltration of monocytes and lymphocytes. None of the 
BMP coated glass ceramic implants showed bone formation. Accelerated de- 
gradation and release of ions accompanied by marked inflammatory foreign- 
body reaction destroy the BMP activity. The three rapidly degradable glass 
ceramics examined are therefore not suitable carriers for osteoinductive pro- 
teins. 

Collagen as a major protein component in connective tissue is used as a 
biomaterial for sutures, as a skin substitute, and for soft-tissue augmentation 
in plastic surgery. Type I collagen is the major structural protein in bone, 
comprising approximately 90% of its organic matrix. Thus, it is not surpris- 
ing that collagen has been used by a number of investigators for bridging 
bony defects [11-13]. Collagens are attractive delivery systems, primarily be- 
cause of their rapidly absorbable properties. Collagen is degraded enzymati- 
cally and by multinucleated giant cells. It was first described as a carrier for 
BMP by Deatherage and Miller [14]. 

We investigated collagen matrix implants of calf cancellous bone (Osteo- 
vit®, B. Braun Surgical). The device consists of a porous network with a pore 
size up to 1000 pm. Biochemically, it corresponds mainly to collagen type I, 
which was cleaned from fats, minerals, enzymes, and all noncollagenic com- 
ponents while preserving its lattice structure. Collagen matrix blocs of equal 
volume (0.25 cm^) were coated with 2 mg partially purified porcine BMP-3 
(pBMP-3, fraction 2). In the rat abdominal muscle pouch model, histologic 
evaluation at four weeks reveals ossicles with a shell of lamellar bone. The 
medullary cavity is filled with trabecular bone, bone marrow elements, and 
matrix remnants (Fig. 24.1). It was concluded that collagen matrix blocks of 
calf cancellous bone may provide a suitable delivery system and scaffold for 
induced bone formation [11]. 

The aims of the current study were to characterize the time-course of 
rhBMP-2 to the formation of bone in a heterotopic site with use of a collagen 
sponge (Helistat™, Coil-Tec). The basic material from which Helistat is fabri- 
cated is collagen obtained from bovine deep-flexor (Achilles) tendon of USA 
origin. The result of the manufacturing process is a highly purified collagen 
type I sponge. The low level of aromatic amino acids - usually associated 
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Fig. 24.1 . Intramuscularly im- 
planted collagen matrix im- 
plant from bovine cancellous 
bone (Osteovit®) coated with 
partially purified porcine 
BM, removed 28 days post 
implantation. Cross-section 
through an ossicle with a 
shell of lamellar bone (B) 
with high remodeling activ- 
ity. The medullary cavity is 
filled with trabeciilar bone 
(B)y bone marrow (M) ele- 
ments, and carrier (C) rem- 
nants (Masson-Goldner, 5x) 




with immune response - indicates that most of the telopeptide regions were 
removed. 

Collagen matrix cubes of equal size (10x10x3 mm) were each coated with 
30 jig rhBMP-2. Implants were placed in abdominal muscle pockets of six 
adult male wistar rats. Samples were removed 7, 14, and 21 days after sur- 
gery and processed for histology. 

An analysis of uncoated control implants at three weeks reveals a beginning 
peripheral absorption and soft-tissue ingrowth without inflammatory reaction. 
The central void spaces of the collagen sponges remained empty. No bone for- 
mation was observed. Evaluation of rhBMP-2 treated collagen specimens at one 
week reveals induced enchondral bone formation with nests of hypertrophic 
cartilage cells. At two weeks, an histologic analysis reveals a columnal arange- 
ment of chondrocytes (Fig, 24.2). At three weeks, an histologic evaluation re- 
veals bone formation and bone remodeling, resulting in an ossicle with a shell 
of lamellar bone followed by fully differentiated bone marrow elements and 
only occasionally a few central carrier remnants (Fig. 24.3). 

The study by Landsman and Reddi [16] shows evidence that osteogenic fac- 
tors may have to be delivered within a 3-5-day window. The lattice collagen 
structures bind the proteins with predictable release kinetics and act within 
the time window as a slow-release delivery system. Based on our animal stud- 
ies we agree with Hollinger and Leong [7] that type I collagen sponges appear 
to be a pre-eminent delivery system for native and recombinant BMP. 

24.4 

Summary 

Carriers for BMP must comply with a number of biological and physico- 
chemical properties. In addition, they must meet quite different clinical re- 
quirements. In several experimental studies we investigated HA-ceramics, 
and TCPs, novell glass ceramics, and collagen matrix devices as carriers for 
BMP. 

HA and TCP appear to offer good potential as BMP delivery systems. 
Ceramic granules are difficult to manage during surgery. To eliminate the 




Delivery Systems for Osteoinductive Proteins 



211 



Fig. 24.2. Intramuscularly im- 
planted collagen matrix 
sponge from bovine tendom 
(Helistat™) coated with 
rhBMP-2, removed 14 days 
after surgery. Sectional view 
reveals a columnal arange- 
ment of chondrocytes and 
an invasion of mesenchymal 
cell elements in the void 
spaces (Masson, Goldner, 

64x) 




Fig. 24.3. Intramuscularly im- 
planted rhBMP-2 coated col- 
lagen sponge 21 days post 
implantation. Cross-section 
through a mature ossicle 
with a thin shell of lamellar 
bone followed by bone mar- 
row elements with haemato- 
poetic and fatty tissue 
(Masson-Goldner, 32x) 




problems of dislocation and migration, the granules can be mixed with fibrin 
glue. On the other hand, ceramic granules are nonabsorbable (HA) or only 
slowly absorbable (TCP). The ceramic remnants do not participate in the re- 
modeling process and they weaken the induced bony structures. Thus, there 
are limited clinical indications for ceramic devices. The rapidly absorbable 
glass ceramics examined are not suitable alternatives. Accelerated degrada- 
tion of the bioglasses accompanied by marked inflammatory giant cell reac- 
tion destroy the BMP activity. 

The three-dimensional collagen matrices of bovine cancellous bone (Os- 
teovit®) and tendom (Helistat™) appear to fulfill the demanding criteria to 
deploy the vulnary proteins at the appropriate time and dose. The moldable 
collagen matrix sponges appear to be optimal BMP delivery systems, espe- 
cially for intraosseous application. For the reconstruction of stress-bearing 
areas, additional components are necessary that will initially retain the form 
until they are replaced by cartilage and bone. 

The long-range goal for researchers and clinicians is to develop a selec- 
tion of devices consisting of one or more optimal components. 
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Tissue Engineering of Skeletal Muscle 
Using Micropatterned Biomaterials 
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Abstract 

Muscle transfer is a common procedure in plastic and reconstructive as well 
as other surgeries but is associated with a risk of morbidity for the donor 
area. Fabricating skeletal muscle tissue in vitro offers an alternative to this 
procedure. The key to creating tissue engineered skeletal muscle is fabricat- 
ing myofibers aligned parallel to each other in culture. Micropatterned bio- 
materials composed of alternating adhesive and non-adhesive regions are a 
system which allows control of the architecture neo-muscle in two dimen- 
sions. The aim of this present sudy is to identify the effects of a series of un- 
micropatterned model biomaterials on the attachment, morphology, and pro- 
liferation of myoblasts, as well as to evaluate how the evolution of micropat- 
terns of these cells depends on the geometry of the micropattern and the 
density of initial plating. We find that attachment, projected area, and prolif- 
eration for myoblasts are much greater on adhesive biomaterials than on 
non-adhesive biomaterials. Further, myoblasts on micropatterned biomater- 
ials attach selectively to adhesive regions. Our studies suggest that two-di- 
mensional control of the architecture of tissue culture of myoblasts can form 
the bases for tissue engineering skeletal muscle. 

25.1 

Introduction 

Autogenous muscle is often used to reconstruct volume deficits (after tumor 
ablation), to cover exposed critical organ sites (such as fractures), and to re- 
place muscular function (as in facial reanimation). In each case, a significant 
mass of muscle must be harvested from a donor site that becomes exposed 
to the problems of functional loss, volume deficiency, and infection. These 
problems could be resolved if the technology existed to create functional 
muscular tissue in vitro using cultured muscle cells [1]. Myoblasts can be 
isolated and grown to large numbers in tissue culture under conditions 
which promote subsequent differentiation and fusion into myotubes [2-4]. 
Myotubes formed in these cultures in vitro are oriented randomly, and as a 
group they do not behave like functional myotubes found in vivo. In contrast 
to tissues such as skin, cartilage, and bone, muscle tissue needs a precise cel- 
lular orientation for functionality. The tissue engineering of skeletal muscle 
requires overcoming several technological hurdles to achieve this goal, in- 
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Fig. 25.1. Micropatterned biomaterials and skeletal muscle tissue engineering 



eluding the creation of a structured system for tissue culture which provides 
chemical, mechanical, electrical, or other cues for the alignment of myotubes 
[5]. By fabricating a biomaterial that is composed of spatially-segregated re- 
gions which are adhesive and non-adhesive for cells, we can promote selec- 
tive attachment, spreading, proliferation, and differentiation of myoblasts and 
fusion into mature aligned myotubes (Fig. 25.1). With the proper choice of 
the underlying micropattern, the mature myofibers created by this approach 
can orient along parallel adhesive lanes. 

The first step towards achieving this goal is to identify two contrasting 
types of biomaterials - one that fosters the attachment of myoblasts, and one 
that does not. These two biomaterials with opposing adhesive properties 
must be present on the same substrata in the form of a micropattern in 
which adhesive areas foster the attachment and growth of myoblasts and 
non-adhesive areas inhibit these cellular functions. The aims of our present 
study are, first, to identify a set of model biomaterials with contrasting 
chemical properties by examining the attachment, morphology, and prolif- 
eration of myoblasts on these substrata and, secondly, to demonstrate how 
micropattering of these biomaterials - and, in particular, the geometry of the 
micropattern and the initial density at which cells are plated - affects the be- 
havior and micropatterning of myoblasts. 

25.2 

Methods 

Glass slides were derivatized with self-assembled monolayers (SAMs) of al- 
kylsiloxanes of amino-terminated silane (EDA) and a perfluoro-terminated si- 
lane (13 F) to form hydrophilic and hydrophobic surfaces, respectively [6-7]. 
Substrata were evaluated by the measurement of the static contact angle of 
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Fig. 25.2. Technique for micropatterning biomaterials for tissue culture 



sessile drops of water; contact angles of 34° were measured for EDA, and 92° 
for 13F. Wettability of a substrata has been previously correlated with the 
ability of substrata to adsorb protein and to promote cell attachment [8]. For 
example, hydrophilic biomaterials support the attachment of cells when pla- 
ted in serum, while under identical conditions hydrophobic biomaterials in- 
hibit attachment [9]. 

C2C12 murine skeletal muscle satellite cells were cultured in DMEM with 
5% fetal calf serum containing bFGF at 37°C in atmosphere of 5% CO 2 . The 
medium was changed every diree days. Experiments examining the attach- 
ment of cells were performed by measuring the difference in the number of 
cells before and after gently rinsing the surfaces with saline G after two 
hours of incubation. The morphological parameters that projected area, ex- 
tension, and dispersion for individual cells were evaluated computationally 
from phase-contrast images for ten random images from triplicates for each 
biomaterial after 2, 6, and 24 hours of incubation [10-11]. 

Micropatterning was done by irradiating SAMs of amino -terminated si- 
lanes with light from a 1 93 -nm- wavelength ArF Excimer laser through as 
mask bearing the desired micropattern and by re-derivatizing irradiated 
areas with the perfluoro-terminated silane (Fig. 25.2) [6-7]. Two different 
types of micropatterns were examined: a grid-like micropattern with small 
adhesive features wide enough to hold only single cells (Fig. 25.3 a), and a 
honeycomb-like micropattern with adhesive features wide enough to hold 
multiple cells (Fig. 25.3 b). Micropatterns were visualized using condensation 
figures (Figs. 25.3 c 8c d ) in which larger droplets of water vapor nucleated 
on the hydrophilic (i.e., adhesive) regions of the micropattern in contrast to 
the hydrophobic (i.e., non-adhesive) regions of the pattern [12]. 

After seeding with cells, micropatterns were rinsed one hour after plating 
with a buffer of saline G to remove unattached cells, placed in fresh media, 
and incubated at 37 °C in an atmosphere of 5% CO 2 . From duplicate samples 
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Fig. 25.3. Effects of geometry of micropattern on physico-chemical and cellular properties of 
biomaterial, a. Grid-like mask; b. Honeycomb-lhce mask; c. Condensation figures formed 
using grid-like mask and d. using honeycomb-like mask e. Myoblasts after 48 hours of incu- 
bation on grid-like pattern and f. on honeycomb-like pattern 

for each density of initial plating and type of micropattern, ten randomly-se- 
lected phase-contrast images were observed at intervals of 24 hours for seven 
consecutive days from duplicate samples for each type of pattern and for 
density of initial plating, and were evaluated for morphological parameters 
for micropatterns - i.e. the extent of coverage of adhesive regions (Xeda) and 
the selectivity of cells for adhesive versus non-adhesive regions of the micro- 
pattern (Sp), using image analysis. 
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Results 

We found that 82% of the myoblasts plates on SAMs of EDA, but only 4% of 
the myoblasts plated on SAMs of 13F, resisted detachment by rinsing with 
saline G after two hour of incubation on these biomaterials. Myoblasts were 
more spread, extended, and dispersed on SAMs of EDA compared to SAMs 
of 13F. For example, the projected area of cells was greater on SAMs of EDA 
than SAMs of 13 F after both 2 hours of incubation (1.8xl0^<m>m^ vs. 
3.3xl0^<m>m^) and 24 hours of incubation (4.0xl0^<m>m^ vs. 
1.2xl0^<m>m^). Also, cells after more than 120 hours of incubation started 
to form colonies on the biomaterials. The colonies on SAMs of 13 F had 
round edges and were compact with tightly packed cells without any exten- 
sions outside the colony. In contrast, the colonies formed on SAMs of EDA 
were scattered uniformly over the surface, and the cells were not packed 
tightly together but extended freely outward from the colonies. Proliferation 
also was greater on SAMs of EDA compared to SAMs of 13F. For example, 
the number of cells after 72 hour of incubation was three times greater on 
SAMs of EDA than of SAMs of 13F, although the plating densities were iden- 
tical. 

Although myoblasts were distributed randomly on micropatterned bioma- 
terials at the time of plating, rinsing after two hours of incubation resulted 
in micropatterns on which cells remained almost exclusively on adhesive re- 
gions for both grid-like and honeycomb-like patterns. On grid-like micropat- 
terns, the morphology of individual cells was controlled by the shape and 
size of the adhesive regions within the first 24 hours of plating. Plating at re- 
latively high densitiy onto the grid-like micropattern resulted in adhesive re- 
gions that were nearly completely filled by spreading and proliferating cells 
within 48 hours. In contrast, plating at relatively low density onto these same 
micropatterns resulted in spatial distributions of myoblasts, reflecting the un- 
derlying chemical micropattern, that were maintained for at least seven days 
in culture. Similar results were observed for micropatterns based on the hon- 
eycomb-line mask (compare Figs. 25.3 e & f). 

We also quantitatively examined the effect of relative plating density and 
geometry of the micropattern on the “quality” of myoblast micropattering 
based on measurement of Xeda ) and Sp. For example, adhesive regions were 
filled more quickly on grid-like micropatterns than on honeycomb-like mi- 
cropatterns. Selectively progressively decreased on each micropatterned bio- 
material, regardless of the plating density or the geometry of the micropat- 
tern. The rate of decrease in selectivity, however, depended on these factors. 
Grid-like micropatterns with small adhesive features and relatively high plat- 
ing densities became less adhesively selective for myoblasts at shorter peri- 
ods of culture. However, selectivity remained near 0.9 on biomaterials micro- 
patterned with the honeycomb-like mask and at relatively low plating densi- 
ties on biomaterials micropatterned with the grid-like mask. 
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25.4 

Discussion 

Our studies demonstrate that the adhesive and proliferative behavior of skele- 
tal muscle myoblasts can be controlled by culturing on homogeneous and 
micropatterned biomaterials. Hydrophilic SAMs of alkylsiloxanes of amino- 
terminated silanes (e.g., EDA) promote initial attachment, spreading, and 
growth of myoblasts compared to hydrophobic SAMs of perfluoro-terminated 
silanes (e.g., 13 F). These two organosilanes can be micropatterned on the 
same biomaterial using a mask in combination with an Excimer laser to 
form adhesive and non-adhesive areas which promote spatially selective at- 
tachment and spreading of myoblasts. 

Initial plating density and the geometry of the micropattern are critical 
parameters for long-term maintenance of cells in a micropatterned distribu- 
tion and can be evaluated quantitatively using the metric extent of coverage 
on adhesive regions (Xepa) and the selectivity of cells for adhesive compared 
to non-adhesive regions (Sp). Because proliferation of cells is the main obsta- 
cle to the longevity of micropatterns on which increasing numbers of cells 
push adjacent cells onto non-adhesive regions due to population pressure, 
the density at which cells are initially plated onto the biomaterial should be 
adjusted according to the geometry of the pattern and adhesive, motile, and 
proliferative properties of the cells for optimal selectivity and coverage. We 
believe that our system - based on micropatterns of parallel arrays of adhe- 
sive lines separated by non-adhesive regions - offers a new appraoch for se- 
lective attachment, spreading, proliferation, differentiation, and fusion of 
myoblasts into aligned myotubes as an important next step in engineering in 
vitro functional myofibers resembling in vivo muscle. 
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Abstract 

Introduction. Tissue engineering holds great promise for nerve replacement 
and restoration. The present study evaluated the efficacy of utilizing poly- 
DL-lactic-co-glycolic acid (PLGA) formed tubes through an extrusion process 
for peripheral nerve regeneration. 

Material and Methods. Conduits were manufactured by dissolving 75:25 
PLGA in methylene chloride, and salt crystals (150 and 300 pm) were added 
to the polymer solution. The formed suspension was allowed to evaporate, 
and the resulting PLGA/salt composite disks were cut, placed into a piston 
extrusion tool, and heated to 250 °C. After heating, the PLGA/salt composite 
was extruded to form a tube with an inner diameter of 1.6 mm and an outer 
diameter of 3.2 mm. Twenty Sprague Dawley (250 g) rats were anesthetized 
and had the 12-mm PLGA conduits interposed into the right sciatic nerve 
using 10-0 nylon sutures under microsurgical technique. Functional evalua- 
tion was performed monthly by walking track analysis. At 16 and 12 weeks, 
electrical conduction was performed and sections of the proximal, grafted, 
and distal nerve were harvested for histomorphometric analysis. 

Results. All conduits remained flexible, allowing mobility of the rat extremity 
without breakage. No severe inflammatory reaction could be identified, and 
no neuromas were apparent clinically. Evaluation of the Sciatic Functional In- 
dex demonstrated improved functional recovery, noting muscle reinnervation; 
however, no electrical conduction could be elicited. Histomorphology demon- 
strated axonal migration and nerve tissue advancement through the entire con- 
duit and into the distal nerve stump at 12 weeks. The number of axons/mm^ 
and nerve fiber density in the distal nerve was 5793 and 0.2231, respectively. 
Conclusion. Each year, the prolonged recovery from traditionally treated 
nerve injuries results in millions of dollars in lost revenue and increased 
compensation benefits. The proposed methodology for peripheral nerve re- 
storation described herein has the potential to lead to more cost-effective 
and less morbid strategies for nerve replacement. 

26.1 

Introduction 

Tumor extirpation, traumatic injuries, and congenital anomalies often result 
in injury to or sacrifice of critical nerves. Failure to restore injured nerves 
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can result in the loss of muscle function, impaired sensation, and/or painful 
neuropathies. Functional nerve defects have traditionally been reconstructed 
by the surgical transfer and sacrifice of healthy normal nerve or muscle 
from an uninjured location to the injured site. Alternatively, allografts have 
been attempted in reconstruction, despite their requirements for immuno- 
suppression. Despite advances in the outcome of nerve reconstruction, clini- 
cians are still limited by the morbidity of autogenous nerve grafts. 

Tissue engineering holds great promise for nerve replacement and restora- 
tion. A tissue engineered conduit would avoid the morbidity and mortality 
associated with the use of autografts. In an attempt to fabricate engineered 
nerve conduits, poly-DL-lactic-co-glycolic acid (PLGA) foams having a po- 
rosity of 90% and a pore size of 100-300 microns were fabricated in our lab- 
oratory by a solvent-casting particulate leaching technique using sodium 
chloride as the leachable component [1]. The 1-9-mm thick PLGA foams 
were cut into thin rectangular pieces 1.5x11 mm and implanted into ten 
Sprague Dawley rats. By two weeks, axonal growth was demonstrated around 
the periphery of the rectangular biodegradable conduit and no significant in- 
flammatory reaction was observed. However, no axonal growth was apparent 
within the porous structure of the conduit. Because of the early nature of the 
harvest, no myelin deposition was seen. This study demonstrated the poten- 
tial for a PLGA conduit to act as a scaffold for peripheral nerve regeneration 
with minimal inflammatory reactions [2]. 

To further delineate the ability of PLGA foams to act as a acaffold for pe- 
ripheral nerve regeneration, tubular conduits have been fabricated and im- 
planted within sciatic nerve defects in 20 Sprague Dawley rats [3]. The tubu- 
lar conduits were fashioned from 75:25 PLGA with a pore size of 300-500 pm 
and a PLGA/Polyethylene glycol (PEG) ratio of 80/20 through a salt-leaching 
technique, as previously described [1]. Tubes were fashioned by placing the 
membranes on a flat surface with the smooth surface down. LFsing a stan- 
dard razor blade, six compression ridges were placed 2 mm apart. This al- 
lowed folding of the polymer into a hexagonal shaft without fracturing. The 
edges of the shaft were sealed with dichloromethane, which bonded the two 
edges without compromising the native structure of the polymer, as demon- 
strated on electron microscopy. Twelve Sprague Dawley (200-250 g) rats had 
the conduits (internal diameter 2 mm) implanted in a 12-mm defect in the 
right sciatic nerve after soaking in 200% ethanol and buffered saline for one 
hour each. Beginning on postoperative day 3, the sciatic nerve and the at- 
tached conduit were harvested; this continued on an every-other-day basis 
for two weeks. Conduits demonstrated axonal migration with vascular in- 
growth. Several axons demonstrated new myelin formation. 

It is apparent that conduit geometry influences peripheral nerve regenera- 
tion [4-6]. Consequently, in our continuing attempt to optimize a nerve scaf- 
fold, the current study attempted to standardize the conduit geometry by fab- 
ricating the PLGA scaffold through an extrusion process. Effects on peripher- 
al nerve regeneration were evaluated and presented below. 
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26.2 

Material and Methods 



26.2.1 

Conduit Fabrication 

Conduits were manufactured by dissolving 75:25 PLGA in methylene chlo- 
ride, and salt crystals (150 and 300 jam) were added to the polymer solution. 
The formed suspension was allowed to evaporate, and the resulting PLGA/ 
salt composite disks were cut, placed into a piston extrusion tool, and heated 
to 250 °C (Fig. 26.1). After heating, the PLGA/salt composite was extruded to 
form a tube with an inner diameter of 1.6 mm and an outer diameter of 
3.2 mm. The tubes were cut to 12 mm and underwent a salt-leaching and va- 
cuum-drying process. These tubular conduits were then interposed into the 
right sciatic nerve of Sprague Dawley rats. 



Fig. 26.1. Extrusion appara- 
tus for the fabrication of the 
PLGA conduits; 1 = extended 
tubular construct; 2 = nozzle; 
3 = body; 4 = melted PLGA/ 
salt composite; 5 = heating 
band; 6= rod; 7= piston 
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26.2.2 

Surgical Technique 

The 20 Sprague Dawley (250 g) rats were anesthetized and maintained by a 
0.4-cc intramuscular injection of a premixed solution containing 64 mg/ml 
ketamine HCl (Keta-Sthetic™ Boehringer Ingelheim, St Joseph, MO), 3.6 mg/ 
ml xylazine (Rompun™ Miles, Shawnee Mission, KS), and 0.07 mg/ml atro- 
pine sulfate (Elkins-Sinn, Cherry Hill, NJ). The skin from the clipped lateral 
tight was scrubbed in a routine fashion with antiseptic solution. The incision 
extended from the greater trochanter to the midcalf distally. The sciatic and 
posterior tibial nerves were exposed by a muscle-splitting incision. The scia- 
tic nerve was divided near its origin to create an adequate distal segment. 
The 12-mm conduits were placed into this defect using 100-0 nylon sutures 
under microsurgical technique. The nerve was “stuffed” into the conduit 
such that 1 mm of each nerve end remained within the tubular biodegrad- 
able scaffold. Muscle and skin were closed using 4-0 Dexon sutures. 



26.2.3 

Functional Assessment 

Walking track analysis was performed after conduit placement monthly 
through three months. This time schedule was chosen to allow adequate time 
for nerve regeneration, considering the length of the nerve graft and distal seg- 
ment. Preoperatively, the animals are trained to walk down a 30x4-inch track 
into a darkened enclosure. Postoperatively, the rats’ hind paws are painted with 
water-soluble ink, and any changes in their paw prints caused by nerve injury 
and denervation are recorded. Three different parameters of the rodent paw 
print are measured to determine the sciatic functional index [1]: 

Sciatic Functional Index = -38.3 (PLF)+109.5 (TSF)+13.3 (ITF)-8.8 
PLF = Print lenght function = (Experimental PL-Normal PL)/Normal PL 
Toe spread function = Toe spread = (Experimental TS-Normal TS)/Normal TS 
(lst-5th toe) 

IFT = Intermedian toe spread = (Experimental IT-Normal IT)/Normal IT (2nd- 
4th toe) 

After 6 and 12 weeks the animals were anesthetized using the above agents 
and placed on a Harvard ventilator delivering 300 cc of 100% O 2 per minute 
through oral tracheal intubation with a fourteen-gauge angiocatheter. The 
amount of 2 mg/kg succinylcholine chloride (Anectine^^ Burroughs Well- 
come, Research Triangle Park, NC) was administered intramuscularly. Paraly- 
sis is necessary to avoid artifacts which may be created by muscular stimula- 
tion. Electrophysiologic testing was then performed using a Neural PAC-4 
EMG system (Nihon-Koden, Japan). 



26.2.4 

Histological Assessment 

At the conclusion of 6 and 12 weeks following electrical stimulation, sections 
of the proximal, grafted, and distal nerve were harvested, fixed with 3% glu- 
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taraldehyde, embedded in epoxy resin, and stained with toluidine blue. The 
toluidine blue stained nerve sections were placed on the stage of an inverted 
microscope and viewed with phase optics. Images of the histological sections 
were digitized using a CCD camera and subsequently analyzed using stan- 
dard and sophisticated image-processing and analysis techniques. Images 
were thresholded and segmented into individual axons using an Euclidean 
distance map function. The number of axons were counted to give the num- 
ber of axons/image area. The area of each axon was determined, summed to- 
gether, and expressed as area axons/image area to give the nerve fiber den- 
sity. 



26 . 2.5 

Statistical Analysis 

Statistical analysis was performed by a two-sample t test for independent 
samples, with adjustment of variance and Wilcoxon rank sum tests, where 
appropriate. Statistical analysis for functional parameters was based on 
mixed-effects model using the maximum likelihood method [8-9]. The mod- 
el includes an random subject effect to reflect the fact that the rats are sam- 
ples of a population and to induce correlation between measurements from 
the same rat. Since possible treatment differences are observed after the op- 
eration, the interaction effects in the model indicate the treatment effects, as- 
suming a common operation effect across all rats. To assess if the means of 
the sciatic functional index vary among groups of rats with different treat- 
ments, the model allows each rat to have a random initial index as well as a 
random average decline in an index over several months. Values were also 
compared to historical controls. To determine the mean number of axons 
and the mean nerve fiber density, the model includes treatment and location 
effects, their interaction effects, as well as a random subject effect. 

26.3 

Results 

All conduits remained flexible, allowing mobility of the rat extremity without 
breakage. Elongation of the conduit, however, was noted up to 18 mm. Proxi- 
mal and distal nerve ends were noted to have maintained their adherence to 
the conduit through the use of the microsuture. No severe inflammatory re- 
action could be identified and no neuromas were apparent clinically. 



26 . 3.1 

Functional Assessment 

Evaluation of the Sciatic Functional Index demonstrated improved functional 
recovery, noting muscle reinnervation; however, the difference between 6 and 
12 weeks was not significant (p = 0.0954, SD= 16.89; (see Fig. 26.2). No elec- 
trical conduction at 6 and 12 weeks, however, could be elicited. Electrical re- 
sistance through the conduit was measured at 3 MegaOhms, which ap- 
proached 0 when wet. 
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Fig. 26.2. Walking track anal- 
ysis demonstrating sciatic 
functional index at 1, 2, and 
3 months after PLGA im- 
plantation 




Fig. 26.3. Nerve fiber density 
at 6 and 12 weeks. Values 
are compared to historical 
control 
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263.2 

Histological Assessment 

Histomorphology demonstrated axonal migration and nerve tissue advance- 
ment through the entire conduit and into the distal nerve stump at 12 weeks 
(Figs. 26.3, 26.4, 26.5 a,b). However, as expected, when compared to historical 
controls, axon number/mm^ and nerve fiber density in the distal nerve were 
markedly less. Nerve fiber density and the number of axons/mm^ between 6 
and 12 weeks in the midsection of the conduit were not significantly differ- 
ent (p = 0.6793, SD = 0.1659; p = 0.8868, SD = 8858, respectively). However, 
nerve fiber density and the number of axons/mm^ demonstrated a significant 
increase in the distal nerve between 6 and 12 weeks (p = 0.0001, SD = 0.1796; 
p = 0.0001, SD = 5298.55, respectively). 

26.4 

Discussion 

This study demonstrated that PLGA conduits can act as a scaffold for periph- 
eral nerve regeneration with minimal inflammatory reactions. The idea for 
the development of a nerve conduit is not new [10-12]. Gliick [15] (1880) in- 
itially utilized decalcified bone as a conduit for nerve regeneration. A variety 
of other substances have been employed, including fascia, vein grafts, and 
fallopian tubes [10-21]. Wang [22] noted that the jugular vein was a better 
conduit for nerve regeneration than femoral veins; this was thought to be 
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Fig. 26.4. Number of axons/ 
mm^ at 6 and 12 weeks. Val- 
ues are compared to histori- 
cal control 
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Fig. 26.5. Electron micro- 
scopy of the nerve fascicles 
in die midconduit (a) and 
distal nerve (b) at 12 weeks. 
Note the myelinated and un- 
myelinated axons with 
Schwann cells 




due to the increased diameter of the jugular veins. Silicone tubes have 
bridged 10-mm nerve gaps, with compound action potentials detectable by 6 
weeks [14]. Pseudosynovial sheaths formed around a silicone rod have also 
been used to fill small nerve gaps [18]. Various studies have recently focused 
on developing polymer nerve conduits. Previous nerve guides prepared from 
polyesters - specifically, poly (DL-lactic acid) - have demonstrated regenera- 
tion, provided the nerve gap was 10 mm or less [21]. In another study. 
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bioabsorbable polyglycolic acid nerve conduits were compared with the clas- 
sical sural nerve graft in 16 monkeys, one year after implantation [12]. The 
bioabsorbable nerve conduit and the sural nerve graft groups had mean 
nerve fiber diameters as well as amplitude and conduction velocities signifi- 
cantly less than those of normal control ulnar nerves. Despite the lack of 
functionality, the nerve conduits guided nerve regeneration. Unfortunately 
these conduits were limited to reconstruction of small nerve defects 
(<10mm), and functional nerve regeneration following their use could not 
be assessed. Clinically, nerve defects up to and greater than 200 mm may re- 
quire repair and restoration of function. 

It is apparent that alterations in the geometric configuration of the con- 
duits appears to influence peripheral nerve regeneration. Synthetic guidance 
channels with smooth surfaces promoted peripheral nerve regeneration, com- 
pared to rough textures [4-6]. Several studies have attempted to further en- 
hance this growth by filling the conduits with various materials such as col- 
lagen, laminin, and fibronectin. Although improved results were obtained 
over small defects, they fall short compared to autografts [23-25]. 

The first requirement for nerve regeneration is a porous scaffold for axo- 
nal migration. Our design requirements are for (1) a fully degradable con- 
duit to be replaced by myelinated axons (2), a porous structure to allow vas- 
cularization, and (3) a conduit for which we can vary the length luminal di- 
ameter while maintaining structural integrity and flexibility. PLGA polymers 
are attractive candidates for fabricating conduits because they are biocompat- 
ible, able to hold suture, and biodegrade into naturally metabolized products 
[26]. Three-dimensional porous PLGA foams may be fashioned using a sol- 
vent-casting and particulate (salt) leaching technique [1], and they degrade 
by simple, nonenzymatic hydrolysis at a rate related to the crystallinity and 
copolymer ratio [26]. PLGA constructs with specific porosity, surface/volume 
ratio, pore size, and crystalUnity may be produced to meet specific engineer- 
ing requirements. 

Despite some encouraging results with the use of PLGA conduits, nerve re- 
generation requires not only a scaffold, but additional interactions with 
Schwann cells and growth factors. It is becoming evident that Schwann cells 
play a unique and dynamic role during nerve repair and are largely responsi- 
ble for the peripheral nervous systems’ unique ability to regenerate [27-31]. 
In axonal regeneration following a peripheral nerve injury or transection, 
Schwann cells proliferate and migrate from proximal and distal nerve ends 
and form a continuous tissue bridge across the nerve gap. Schwann cells 
have been reported to continuously span 10-mm distances in the absence of 
nerve [29]. Although the exact underlying mechanisms regulating dynamic 
axon/sc apposition are unknown, experiments support the concept that 
Schwann cells offer a highly preferred substrate for axon migration and re- 
lease bioactive factors which further enhance nerve migration [27-31]. 

During the study of chick embryonic development, Levi-Montalcini and 
Hamburger [32] identified two mouse sarcoma tumors that stimulated sym- 
pathetic ganglion cell growth. When implanted in chick embryos, these tu- 
mors produced both hyperplasia of the sympathetic ganglia and increased 
neural supply to the viscera of the developing chick. This substance was later 
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identified as nerve growth factor. Nerve injury leads to massive synthesis 
nerve growth factor in the injured peripheral nerve, with a biphasic time 
course. The first increase is rapid, occurring within the first six hours, and 
occurs at the tips of both the proximal and distal nerve stumps. The second 
phase, commencing 2-3 days after injury, is also observed throughout the 
distal denervated part of the injured nerve and correlates closely with infil- 
tration of the nerve by blood-boren macrophages [33-35]. The role of 
Schwann cells and nerve induction factors must be considered in any alterna- 
tive nerve device. 

In the present study the conduits elongated. It is apparent that further 
geometric alterations of the polymer composition or alternative polymers 
may be required to prevent this elongation. What has encouraged us, how- 
ever, was the lack of collapse during these 12 weeks and distal nerve innerva- 
tion. Longer follow-up is required. The lack of conduction velocity can be at- 
tributed to two factors: (1) the lack of sensitivity to our equipment for such 
a small nerve gap, and (2) possible conduit dampening of the conduction ve- 
locity, although this did not appear to be present on in vitro evaluation. 

Each year, the prolonged recovery from traditionally treated nerve injuries 
results in millions of dollars in lost revenue and increased compensation 
benefits. Our current technology involving nerve repair is limited by the 
availability of donor tissue and the morbidity related to the sacrifice of do- 
nor nerve. A biodegradable polymer that serves as an alternative conduit for 
peripheral nerve innervation may be superior to treatments currently avail- 
able. Tissue engineering holds great promise in the treatment of nerve de- 
fects following surgical ablation and injury. Further advances and develop- 
ment of engineered tissues (organs, muscles, and bone) will require similar 
development of tissue engineered nerve for innervation. This study provided 
preliminary work on the establishment of an engineered conduit for such 
goals. 
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Tissue Engineered Collagen Nerve Guidance Channels 

H.E. McDaniel }r. 



Abstract 

Complications in neural regeneration arise when neurons are not capable of 
proliferation (unlike other cell types). Nerve realignment increases the prob- 
ability that extending axons will encounter the appropriate distal pathway, 
yet the incident in the PNS is highly variable, and return to function is never 
complete. Sure advances in nerve repair have reached an impasse, and bio- 
logical rather than technical factors now limit the acuity of regeneration and 
functional recovery. 

Collagen nerve guidance channels (NGC) facilitate the study of nerve re- 
generation in experimental studies through the design of a clinical decision 
system showing promise in improving the repair of injured human nerves 
through the design of a tissue engineered tubular scaffold (resorbable) he- 
mostatis management and modification to microsurgical nerve repair/regen- 
eration. 

In experimental studies the collagen (NGC) system with its smooth micro- 
geometry and transmural permeability (100000 daltons) allows mass-transfer 
characteristics to modulate the solute exchange between the regeneration and 
the succeeding fluids, forming a simple longitudinally oriented bridge con- 
necting the nerve ends. Polytetrafluoroethylene (PTFE) is incorporated 
through successive addition to the collagen (NGC) and promotes neurosurvi- 
val and axon schwann cell interaction; the glycoprotein laminin acts as an ac- 
celerator for nerve repair through in vivo and in vitro elongation. 

Information received by the bioanalytic sensors gives the system limited 
intelligence capability. The FCM molecule activity can be mimicked by short 
sequences of 3-10 amino acids long. Repair with the collagen (NGC) system 
provides a direct unbroken path between nerve stumps, prevents tissue inva- 
sion into the regeneration environment, and provides directional guidance by 
elongating neurites and migrating cell proximal/distal stump communication 
without suture line tension in cases of extensive nerve deficit. The minimal 
number of epineural stay satures which are known to stimulate connective 
tissue proliferation (and the present within the NGC lumen) of endogenous 
growth factors are released by the traumatized nerve ends. 

This experimental study allows for the design of a clinical decision system 
to generate near complete nerve repair, greatly reduce neuro degenerative dis- 
ease, facilitate the design of a cell/gene therapy technique and a bioartificial 
autonomic nervous system incorporated into a bioartificial organ system. 
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27.1 

Introduction 

Mechanical, thermal, chemical, or ischemic insults exhibit on the nerves a 
combination of degenerative and regenerative responses. Complete transec- 
tion of the nerve interrupts nerve cell body communication to its target, trig- 
gers cellular and humoral events, destroys adjectent blood-nerve barriers, 
and disrupts neuron and support cell interrelations. End-to-end repair was 
performed by surgeons by the direct reattachment of individual nerve fas- 
ciles or groups of fasciles. Later microsurgical nerve repair led to significant 
improvements in the return of motor and sensory functions in patients, lead- 
ing to success rates of up to 70%. 

In microsurgical nerve repair, severed nerve ands are apposed and rea- 
ligned by the placement of several strands of very fine suture material 
through the epineural connective tissue without entering the underlying 
nerve fasciles. Nerve grafting procedures are performed when nerve retrac- 
tion or tissue loss prevents direct end-to-end repair. When nerve stump re- 
approximation creates tension along the suture line, it hinders the regenera- 
tion process; thus, nerve grafts are used. The damaged nerve ends are inter- 
posed with a sural nerve within grafting surgery, presenting an autologous 
nerve graft from the patient. Autologous nerve grafts and microsurgical 
nerve repair are the most common procedure when peripheral nerve recon- 
struction is required and there is a defect between the proximal and distal 
stump of the nerve trunk. Axoal capability of regeneration through collagen 
nerve guidance conduits placed between the proximal and distal ends of the 
traumatized nerve suggests that the system presents alternatives to auto- 
graphs and microsurgical nerve repair. The collagen nerve guidance channel 
is easily available, antigenic, and biodegradable. 

27.2 

Methods 



27.2.1 

Collagen Synthesis 

The NGC prototype (see Fig. 27.1) was synthesized via salt extraction. The 
suspended microcarrier beads were placed in a calcium/magnesium phos- 
phate-free buffered saline solution (CMF-PBS). Once suspended in solution, 
autoclaving was at 131°C for 15 minutes on the liquid cycle. The autoclaved 
liquid was discarded and the beads were rinsed. (A monolayer culture medi- 
um was used.) The total culture volume for 200 ml culture was 2x10 [7]. The 
cells added to the warm microcarrier media bead suspension were enough to 
make 100 ml. The log phase was used for optimum attachment and growth. 
Parameters for the incubated spinner flask was 18-21 rpm for a minimum of 
6 hours. The growth and metabolism of the cells were maintained through 
the use of the wheaton stirring systems. The media suspension was dehy- 
drated in a vaccuum and placed in a piston extrusion tool and heated to 
100°C. Collagen extruded to form a tube had an inner diameter of 2.0 mm 
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and an outer diameter of 4.0 mm. Tube lengths measured 20 mm. (They un- 
derwent salt leaching and a vacuum drying process.) 



27.2.2 

Gas Chromatography 

During the gas chromatographic phase the mobile gas was nitrogen and the 
stationary gas was collagen, PTFE, and laminin. Both phases were injected 
into a small heated chamber (131°C) at the beginning of the column to be 
volatized. Thermal conductivity was the experiment of choice. 

27.3 

Results 

In vitro and in vivo studies through gas chromatography and morphological 
testing resulted in a clear protein-containing fluid filling the fibrous guidance 
channel. The fibrin matrix coalesces and undergoes synergesis working with 
the collagen NGC, forming a longitudinal bridge between nerve ends. 

The fibrin matrix and collagen fibers continuous bridge generates a static 
bridge. Migrating cellular elements from the proximal and distal stumps fill 
the lumen (fibroblasts, endothelial cells, macrophages, and schwann cells), 
causing the fibrous collagen NGC to undegrade because of enzymic activity 
of the platelets. Schwann cell cytoplasm engulfs the axons advancing from 
the proximal stump. Myelination occurs when the axons reach the distal 
nerve stump. The microporous structure of the collagen NGC and fibrous 
matrix increase the number of axons reaching the distal stump because of 
the regenerating nerve distance and the length of the original resected nerve. 

Accelerated nerve regeneration is through growth factors (laminin) incor- 
porated within the collagen walls. The swelling and scar tissue infiltration in- 
crease and difficulties in controlling degradation rates are modulated by the 
collagen fibril concentration/alignment (as controlled by the pH). The cell 
type (polymorphonuclear leukocytes, fibroblasts and macrophages) during 



Table 27.1. Tubular and block collagen nerve guidance channel (in vivo, in vitro, and gas 
chromatographic studies). A nerve regeneration distance of 20 mm has been successfully 
achieved on Sprague Dawley rats (sciatic nerves) 



Transmural permeability 

Polytetrafluorethylene 

Laminin 

Bioanalytic sensors 

Mechanical integrity 
Thickness 

Internal temperature 
External temperature 
Temperature gradient 
Simulated regeneration distance 
Thermal resistance 



75000 daltons 
5 pm thickness 
5 pm thickness 

pH (4-8), tensile strenght (500 MpaO), nerve 
conductance (45 m/s) 

10 weeks 
20-30 mm 
98.6°F±10° 

varied in accordance with experiment 
±10 

1 mm per day 
within parameters 




240 



H.E. McDaniel Jr. 



the wound healing phase secrete enzymic coUagenases that cleave a collagen 
molecule at 1/4 position from the c- terminal end of the molecule. 

The electrophysiological pattern of the collagen nerve guidance channel 
was similar to the normal pattern for nerve conductance (immunosuppres- 
sion). Immunohistochemical investigation of axon-schwann cell interaction 
was positive. 

27.4 

Discussion 

On the basis of our preliminary research, the collagen nerve guidance chan- 
nel lends itself to several distinct avenues for current and future research 
through the following areas. 

Microsurgical Nerve Repair 

Instead of suturing the myelinated ends of the traumatized nerves, the entire 
nerve bundle can be encapsulated within the scaffold for repair over long 
and short nerve gaps. 

Neurodegenerative Diseases 

Utilizing neurodiagnostic studies involves the location and removal of the 
damaged nerve sections. Replacement will be by a tissue engineered nerve 
guidance channel (electrophysiological pattern and immunohistochemical 
test matching, i.e., collagen fibril alignment thru pH modification). 

Ceil/Gene Therapy 

Posmitotic cells differentiating under specific conditions, low dividing cells, 
and selective pharmaceuticals can be infused into the scaffold and surgically 
placed at the target site, e.g., dopamine impregnated scaffold and surgical 
placement for Parkinson’s disease therapy. A closed looped drug delivery sys- 
tem for targeted therapies. 

Trauma and Burns 

Management of trauma and burn patients through the design of nerve guid- 
ance channels within a semi-permeable membrane (layered) allows targeted 
nerve regeneration and a life expectancy increase. 

Hand Surgery 

The collagen NGC acts as a nerve prosthesis for the course, distribution, mo- 
tor, and sensory functions of the radial, median, and ulnar nerves towards 
the innervation of the hand. 
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Bioartificial Nervous System 

Templates for the design to be incorporated with existing systems or coupled 
to bioartificial organs can be utilized as a mechanism by which an organism 
can monitor the changing internal and external environments (sensory, so- 
matic, motor, and visceral motor design). 

Anesthesiology 

Experimental techniques for utilization of nerve guidance channels for pain, 
preop, and critical care management. 
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CHAPTER 28 



The Role of Fibrin Glue as a Provisional Matrix 
in Tendon Healing 

M. Holch • A. Bienwener • H. Thermann • H. Zwipp 



28.1 

Introduction 

Fibrin adhesives are used in the treatment of lesions of the musculoskeletal 
system not only because of their fixating or hemostatic effects, but also be- 
cause of the presumed acceleration of wound healing by demands of connec- 
tive tissue proliferation and production of matrix components. Manufactured 
fibrin glue is assumed to have antimicrobial properties and to serve as a pro- 
visional fiber network and scaffold for fibroblast invasion and matrix deposi- 
tion as well as for osteoinduction [13, 14, 16, 17]. In the clinical case of an 
acute Achilles tendon rupture, initial ultrasonographic criteria allow a re- 
cruitment for non-operative therapy and a functional after-treatment as an 
effective regimen: the length of the gap between the tendon stumps up to 
1 cm with the ankle in neutral, and the potential of reapproximation of the 
torn ends with the foot in 20° plantar flexion [5, 8, 9]. Ultrasonic reassess- 
ment during the healing period reveals typical patterns of echogenity, pre- 
sumably reflecting tissue alterations in the course of scar maturation, and al- 
lows a monitoring of the morphology of healing and decision-making about 
the increase of load bearing in the human course of treatment. The typical 
patterns of echogenity are defined empirically and may reflect tissue inter- 
faces like capillary vessels in granulation tissue and tendon fibers or bundles 
(endotenonium) [8, 9], but the latter hypothesis is lacking in an experimen- 
tal confirmation [3]. In such cases suitable for non-operative care, the coagu- 
lation clot filling the gap primarily may serve as a soft scaffold for proliferat- 
ing connective tissue comparable to provisional extracellular matrix (ECM) 
in embryonic histogenesis. The gap tissue is able to differentiate to a well- 
structured tendon-like tissue regenerate under the influence of mechanical 
stress; lacking such functional impact (i.e., under conventional conservative 
care: upper leg cast in plantar flexion and no weightbearing), an insufficient 
irregular scar results and may be detected in ultrasonography as a so-called 
elongated scar [3, 6]. Primary load-bearing capabihty of ruptured tendons or 
ligaments on a low level can only be achieved by surgical suture. The load- 
bearing capacity of the healing Achilles tendon in an earlier conventional 
rabbit model, after suture and conservative therapy followed by rigid plaster 
immobilization, was remarkably low [12]. An improvement of the mechanical 
properties of a sutureless repair by fibrin sealing may be explained by a ma- 
trix-dependent stimulation of the autologous healing process in combination 
with the effects of functional after-treatment. About 10% of all acute Achilles 
tendon ruptures remain unsuitable for non-operative functional treatment, 
always due to an ultrasonographically-proven disability to satisfactory ap- 
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proximation. They are indications for a later classical surgical repair which 
can be performed in an open manner as tenorhaphy or as fibrin glue repair. 
Some observations support the assumption of an unavoidable dehiscence oc- 
curring regular after tendon suture under functional after-care in Achilles as 
well in digital flexor tendons [6, 10, 11]; extension of the remaining gap 
seems to be limited and to be filled obviously by a granulation tissue which 
is modulated to a neotendon, as in the case of primary non-operative treat- 
ment. The initial coagulation clot in these cases is not stiff, but still deform- 
able by readapting stumps under ultrasonic view, in contrast to the fibrin 
clot soon after sealant repair, which has a stiffer consistency. This may be a 
chance to improve local tendon healing by an external enrichment of the lo- 
cal fibrinogen content in the preexisting clot. An extended indication might 
be a prospective for Achilles tendon repair, renouncing open surgery. It 
would be beneficial to patients with contraindications to selective surgery, 
like diabetes mellitus, occlusive arterial vessel disease, chronic hemodialysis, 
or steroid medication suffering from acute Achilles tendon rupture. However, 
until now, neither the human nor an animal model was able to clarify 
whether industrial fibrin glue, just like autologous fibrin, fulfills tasks of pro- 
visional ECM in the early phases of wound healing, or whether it becomes 
absorbed and remodeled [Ij. The whereabouts of fibrin glue in a lesion gap 
and its role in histogenesis and the induction of a specific ECM have to be 
demonstrated in vivo and in vitro in comparison with the local fibrin and 
other ECM-components. 

In normal wound healing, a first provisional matrix consists of plasma-de- 
rived native fibrin and serves as a scaffold for leucocyte and macrophage in- 
vasion, a process known as contact guidance which plays a major role along 
with chemotaxis (movement induced by substances such as growth factors) 
and haptotaxis (movement along an adhesion gradient among a cell’s lamelli- 
podia). The blood fibrin clot, at the same time, is partly destroyed by the 
proteolytic enzymes of granulocytes (elastase and neutrophil collagenase, 
MMP-8) and immigrating fibroblasts such as matrix metalloproteinase 1 
(MMP-1), gelatinase (MMP-2) and stromelysin 1 (MMP-3). Fibroblasts are 
stimulated by cytokines being released by platelets and macrophages as well 
as fibroblasts themselves (autocrine response). The process of their recruit- 
ment to the wound site, subsequent ECM proliferation, and the resulting 
mixture of cells and EMC have been termed “fibroblasia.” A second prelimin- 
ary matrix occurs that consists mainly pof fibronectin, hyaluronic acid, and 
soluble collagen giving way to the formation of collagens III and I in the 
later phases of matrix transition [15]. 

28.2 

Material and Methods 



28.2.1 

In Vivo Model 

An experimental rupture of the Achilles tendon was produced in 105 adult 
female chinchilla rabbits weighing 2900-3200 g under i.v. anesthesia in a 
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Standardized manner using a 2.5-cm posteromedial incision of skin, fascia, 
and paratenon sheath as reported earlier [2, 3, 5, 7]. Following exhairesis of 
the plantaris-longus tendon, which is a strong part (20-30% of the diameter) 
of the heel flexor apparatus in rabbits, the middle third (1 cm) of the 
Achilles tendon was sUced 4'-5-fold in the sagittal plane, was weakened by a 
transverse obhque section in addition, and was torn transversely, resulting in 
a reaUstic ‘‘mob-end” tear with fringed tendon stumps. These lesion under- 
went three different methods of treatment, always in subgroups of seven sub- 
jects. Group C was primarily treated nonsurgically as an analogue to a non- 
operative functional regimen in humans; group F was repaired by means of 
fibrin gluing (Tissucol, IMMUNO, Heidelberg), and group S by absorbable 
Kirchmayr-Kessler suture (PDS, Ethicon, Hamburg). After running PDS su- 
ture of the fascia, interrupted skin sutures (5-0), and immediate postsurgery 
ultrasound imaging of the rupture site, a sterile metalline dressing and the 
special orthosis were taped to the hind limb. The rabbits were kept in groups 
of 21 in hutches of 25-m^ area and were allowed to move freely in them, 
with a full weight-bearing hindered from ankle dorsiflexion and lower leg 
torsion by a tape-held 20°-30° plantarflexed orthosis with a cuneiform rub- 
ber sole and side-splint reinforcement, but without any invasive transfixation 
of the hind paw. After changing the orthosis to check the dressings every 
third day during wound healing and for follow-up ultrasonography, the ani- 
mals were sacrified after 1, 2, 4, 8, and 12 weeks, followed by immediate ten- 
don explanation for biomechanical testing (n = 72) and morphological pro- 
cessing {n = 33; Fig. 28.1). The subgroups are identified as C1-C12, F1-F12 
and S1-S12, according to the length of healing time [5]. Ultrasound exami- 
nation was performed pre- and postoperatively using a 7.5-MHz linear array 
transducer (Picker 9200) for the animals C1-C12, F1-F12, and S1-S12 at 
the same length of healing time. 




Fig. 28.1. 14-day tendon probes fixated under longitudinal tension (a). In the mid-sagittal sec- 
tion the border between tendon stump and regenerate is already macroscopically visible (b) 
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Biomechanical Tests 

Three groups of six animals each were formed: group C = no specific repair, 
group F = fibrin sealing, and group S = suture. Sacrificing was performed 
after 2 weeks, 1, 2, and 3 months. Specimens were tested in a computed uni- 
versal testing machine (Zwick, Germany). The hindfoot was pressed in a me- 
tal sleeve so that the insertion of the Achilles tendon was loaded in a physio- 
logical direction. Soft- tissue fixation was performed using a clamp with rapid 
freezing of the tissue by Hquid nitrogen. Using this set-up, a standardized 
rupture occurred intratendinously or a nearby calcaneal insertion [2, 7]. 
After measuring the specimens, a preload of 5 N was applied and then the 
tendons loaded (lOOOmm/min) till rupture occurred. Results were expressed 
in percentage compared with the contralateral healthy side. Statistical ana- 
lyses were performed using a Mann Whitney U-Wilcoxon test. Evaluated pa- 
rameters were: crossectional area, lenght, stiffness, resistance, maximum 
load, energy, and elongation. 



28.2.2 

In Vitro Model 

Achilles tendon tissue taken from anesthesized rabbits was embedded in dif- 
ferent ECM environments: fibrin glue (Tissucol® Duo S) and artificial matrix 
consisting of laminin (ECM gel, E-1270 Sigma). Different kinds of applica- 
tion were tried: the tissue explants were placed on top, underneath, or right 
in the middle of the fibrin or ECM clot and could proliferate in tissue culture 
discs for 3, 5, 7, and 10 days. Nutrition of the tendon explants was also en- 
sured by the use of several nutritional media from Sigma, (a) Minimal Es- 
sential Medium Eagle M-4780 Lot 96 H 2321, (b) Dulbecco’s Modified Eagle 
Medium D-6046, Lot 1 16 H 2343, (c) Medium 199 M-4530, Lot 1 16 H 2352, 
and (d) RPMI-1640 Medium R-8785, Lot 126 H 2357. The test series was com- 
pleted by adding a fixative (Bouin’s solution) and paraffin embedding for 
morphological processing. 

28.3 

Results 



28.3.1 

In Vivo Model 

Fibrin glue cords lie primarily between the tendon stumps as a homogeneous 
substance, surrounded by the granulation tissue developed in the tendon 
gap. The provisional matrix of the gap tissue consists of genuine fibrin and 
fibroblast-associated fibronectin, which is identified clustered around fibro- 
blasts next to the fibrin glue masses. The latter cells become procollagen-III 
positive after one week. The surrounding matrix becomes positive for type 
III collagen. The foreign fibrin clots simultaneously show morphological 
signs of lysis in the direct neighborhood of macrophages. The spatial and 
temporal sequence of the immigration of macrophages, fibroblasts, the syn- 
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Fig. 28.2. 14 days after fibrin glue repair: azan-stained survey in 1.6-fold magnification 



Fig. 28.3. 14 days after fibrin 
glue repair: immunostained 
collagen type Ill-positive gap 
tissue in 200-fold magnifica- 
tion {left margin: smdl fi- 
brin glue residual) 




Fig. 28.4. 14 days after fibrin 
glue repair: immunostained 
collagen type I-positive, 
cone-shaped tendon stump 
in 200-fold magnification 




thesis of matrix proteins, and initial angiogenesis is similar to the '‘wound 
module” of Hunt’s [4] following a growth cone (Figs. 28.2-28.4). The deposits 
of fibrin glue are invaded by lymphatic cells 2 weeks post surgery and clearly 
reduced in size, with the exception of a single case with displacement of the 
regenerate by large fibrin masses still apparent after two weeks (Fig. 28.5). In 
the 4-week and 8-week probes, the fibrin glue deposits are still recognizable 
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Fig. 28.5. 14 days after fibrin 
glue repair: H&E-stained 
overview in 2.5-fold magnifi- 
cation shows extensive lym- 
phocellularly infiltration 
around fibrin glue residual 
(a). Invasion and degrada- 
tion of fibrin masses by 
macrophages (b) (H&E 
200x) 




only by the irregular and multidirectional texture of the cell-rich replacing 
regenerative tissue (Fig. 28.6). At 12 weeks post surgery, no significant differ- 
ences could be observed between groups C 12, F 12, and S 12; the connective 
tissue texture of normal tendon tissue appeared. 

Ultrasonography 

The serial ultrasound examination showed pattern comparable to those de- 
scribed and graded in humans [3, 9]: 

1. Primary separation of the tendon stumps in all groups within 2 weeks. 
There was fluid-rich tissue in the gap zone with poor internal echo struc- 
tures. 

2. After 4 weeks there was further thickening of the gap zone with a “salt- 
and-pepper’’ pattern caused by increased short and non-direct parallel 
echo structures (1°). 

3. After 8 weeks the echo structures became longer and developed a more 
parallel pattern (2-3°), still mostly irregularly in groups S4 and S8. The 
tendon thickness decreased, and the diameters in the conservatively 
treated groups C were smaller than in the sutured groups S. 

4. After 12 weeks there were no regions of hypoechoic structures in the gap 
tissue, and the pattern appeared strong and longitudinal like the original, 
healthy tendon (4°). 
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Fig. 28.6. 7 days after fibrin 
glue repair: azan-stained 
survey in 1.6-fold magnifica- 
tion (a) demonstrates fibrin 
deposit (left margin ) in the 
neighborhood granulation 
tissue with early matrix pro- 
duction (b) (tendon stump, 
right margin: 200x) 




Biomechanical Tests 

In biomechanical tests of tensile strength in the three therapy group (see Ta- 
bles 28.1 and 28.2), group F showed the best results regarding maximum 
load (Finax) after 2 weeks. In comparison with groups C and S, the p -value 
was <0.05. After 1 month, F^ax already reached more than 72% of healthy 
side. Group S showed the best data, statistically significant in comparison 
with group C (p<0.05). No significant differences between groups F and S 
were found. After 2 and 3 months, all groups reached the level of their non- 
injured contralateral side. Resistance is defined as load-bearing capacity in 
relation to crossectional area. After 14 days, groups F and S yielded the best 
results, with 47% and 51%. The level of group C was significantly lower 
(19.8%, p<0.05). After 2 and 3 months, the data rose to more than 70% of 
those for the healthy side, and no significant differences could be found. 



283.2 

In Vitro Model 

The debridement of foreign fibrin by granulocytes and macrophages of 
course is not observed in vitro where cell invasion of the surrounding matrix 
does not take place. Fibroblasts proliferate at the tendon’s ends, immigrate 
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Table 28.1 . Maximum rupture stength in the three therapy groups 




2 weeks 


1 month 


2 months 


3 months 


Conservative (C) 


38% 


72% 


99% 


85% 


Fibrin glue (F) 


71% * 


90% 


118% 


79% 


Suture (S) 


53% 


113%=^ 


84% 


96% 



Table 28.2. Resistance in the three therapy groups 




14 days 


1 month 


2 months 


3 months 


Conservative (C) 


20% 


47% 


69% 


72% 


Fibrin glue (F) 


47% 


54% 


77% 


80% 


Suture (S) 


51%^ 


59% 


71% 


107% 



Fig. 28.7. Tendon explants 
cultured 5 days in fibrin ad- 
hesive: beginning fibroblast 
migration across the tendon/ 
laminin-interface (Masson- 
Golder, 200x) 




Fig. 28.8. Tendon explants 
cultured 5 days in artificial 
ECM: proceeding fibroblast 
migration across the tendon/ 
laminin-interface (Masson- 
Golder, 200x) 
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outside of the disruptured matrix fibers of the tissue explant, and already de- 
posit new matrix proteins after 5 days, which become visible as a light-co- 
lored area (light-green in the original) surrounding the fibroblasts immi- 
grated from the tendon tissue in Masson-Goldner staining (Fig. 28.7). The 
cells are completely enveloped by both ECM’s and located in the contact zone 
between the original tissue and the artificial matrix. The loose consistency of 
laminin-ECM obviously seems to faciUtate fibroblast invasion compared with 
the stiffer fiber network of foreign fibrin (Fig. 28.8). Nutrition per diffusion 
seems to be possible in both the offered ECM substances without any differ- 
ence. 

28.4 

Conclusions 

The models described here can demonstrate in vivo an interference of fibrin 
adhesive with the initial granulation tissue and a certain influence on the di- 
rection of fibrils of early structural proteins. The structural character of a 
pre-given matrix may influence the fibrillary aggregation of collagen after ex- 
trusion out of the fibroblasts [17]. An irregular texture of connective tissue 
could adversely affect the stiffness of structures charged by weighbearing. 
The glue becomes resorbed in the same way as the autologous fibrin, though 
with delayed speed. The in vitro test series carried out by us is not suitable 
for an entire representation of cellular invasion and organization of the of- 
fered matrix, because systemic cell populations are not available in tissue cul- 
ture. However, it shows that the proliferation of the in situ available cells is 
not disturbed by a confrontation with artificial ECM. Further examinations 
in an animal model should clarify the fibrin clearing by phagocytes, its early 
replacement by its own provisional matrix proteins, and the influence of the 
fibrin fiber network on the fibrous alignment of deposited ECM. The ques- 
tion still remains not fully answered as to whether or not fibrin glue indeed 
improves the above mentioned processes of matrix remodeling during 
wound healing by serving as a foothold for directed cell immigration and by 
supporting the first local provisional matrix made of fibrin in the compari- 
son to other tissues poorly vascularized tendon area, where the first matrix 
provided by the organism itself might be not as sufficient as in other places 
of wound repair. This problem may be comparable to the failure of articular 
cartilage lesions to heal due to lack of fibrinogen and subsequent connective 
tissue formation in a bradytroph tissue [18]. 
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Wound Healing, Fluid and Protein Balance in Severe 
Burns Following Topical Application of Clotting Factors 

A. Bader • R Baumer • H.A. Henrich 



Abstract 

Aim of the study was to investigate whether a combination of clotting factors 
with homologous full thickness skin grafts would accelerate wound healing 
and diminish fluid and protein losses following severe third degree burns. 

To this purpose in vivo studies where performed using Wistar rats. All an- 
imals had third degree burns extending 20% of total body surface. Group A 
received a full thickness skin graft with topical application of clotting factors 
to the wound bed, group B received a skin graft without clotting factors, and 
group C received no transplant. 

The results show that the topical application of clotting factors (Tissucol®) 
significantly accelerated wound healing as well as blood volume and intravas- 
cular albumin normalization following burns. 

Conclusion: Wound bed sealing by use of topical application of clotting 
factors may become a reliable tool in burn treatment to enhance recovery fol- 
lowing third degree burns. 

29.1 

Introduction 

The use of clotting factors to seal wounds has been attempted for many 
years. The Egyptians were among the first 4000 years ago who did experi- 
ments in the field of sealing skin wounds. Already in 1915 Grey used fibrino- 
gen from sheep during neurosurgical operations in animal experiments. The 
list of todays application possibilities appears almost endless. 

In burn treatment there are basically at least two approaches: A burned 
skin can either be left in the wound bed for coverage or all necrotic areas 
can be removed as soon as possible. Immediate escharectomy was chosen in 
the present study since the removal of toxins is expected to be beneficial for 
the patient [3-8]. However, complete removal of the burned skin leaves a 
large wound bed which, as a consequence, could lead to losses in intravascu- 
lar blood volume and protein content by way of exsudation and evaporation 
via the exposed wound bed [Ij. 

Therefore it was the purpose of our study to investigate, whether the topi- 
cal application of a specific clotting factor formulation (Tissucol®) could en- 
hance the wound bed sealing of a full thickness skin graft, thereby prevent- 
ing fluid and protein losses over the wound surface. We also investigated. 
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whether wound healing was changed due to the presence of the clotting fac- 
tors. We hypothesized that the clotting factor preparation containing attach- 
ment factors such as fibronectin could potentially contribute to an acceler- 
ated wound healing in burns. 

An improved blood volume stabilization could have considerable advan- 
tages for burn treatment, since a hypovolumic shock in large burns is one of 
the major life threatening complications. In spite of the fact that immediate 
escharectomy is beneficial for the patient by the removal of toxins, it can be 
considered an additional operative stress which could lead to inducing a 
shock phase in the patient. 

The following experiments should resolve the questions whether the com- 
bination of the topical application of clotting factors together with a homolo- 
gous full thickness skin transplant following immediate escharectomy could 
prevent the well known extensive fluid and protein losses in extensive third 
degree burns. 

29.2 

Materials and Methods 



29.2.1 

Fluid and Protein Balance 
Animals and Experimental Planing 

Female Wistar rats with a body weight of 375±20 g were used. In total 45 an- 
imals were used. Animals were anesthetized by use of Ketanest® and Rom- 
pun®. A permanent catheter was advanced via the jugular vein until reaching 
the left atrium. 

Assessment of Hematologic Parameters 

For analysis of intravascular albumin content 0.2 ml of whole blood where 
removed with a tuberculin syringe. 

Fibrinogen analysis was performed using 0.45 ml of blood mixed with 
0.05 ml of 0.11 M/1 citrate solution. Electrocoagulometric analysis indicated 
the start of clotting. 

Blood volume was assessed by analysis of a dilution curve following injec- 
tion of 0.2 ml of a 100 mg% Evans blue solution. 6 minutes after injection 
0.5 ml of blood were removed for photometric assessment at 623 nm. 

Albumin was measured using the Bromocresylgreen method. The test is 
based on a colour change induced by complex formation between albumin 
and bromocresylgreen at a pH of 4.2. Analysis was performed at a wave 
length of 623 nm. 

Preparation of Full Thickness Skin 

Donor animals received anesthesia as described above. Skin from the back of 
the donor animal equivalent to the size of the burned area in the recipient 
animals was excised and liberated from underlying fatty tissue. The area of 
the third degree burns in the recipient animal was 4.6x3. 6 cm bilaterally of 
the median line of the animals back. The burned area was equivalent to 20% 
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of the total body surface. The burned tissue was immediately excised follow- 
ing injury. Full thickness skin grafts were either sutured to the woimd edge 
or were apphed following topical application of fibrinogen glue (Tissucol®) 
by spraying to the wound bed. Glued transplants were fixed with sutures ex- 
clusively at the wound edge for additional stabiUzation and marking. The 
third group did not receive a skin transplant. 

Micro- and Macroscopic Examinations of Wound Healing 
The second group of animals consisted of 20 Wistar rats weighing 240+30 g. 
Group A received the full thickness skin graft with clotting factors and group 
B received a suture fixed skin transplant. Five predefined areas within the 
graft were marked for further excision of biopsies at 4, 8, 16, 32 and 64 days 
following transplantation. Biopsies where fixed in formalin and coloured 
with hematoxiline and eosin or v. Gieson. Animals were photographed on 
the corresponding days. 

Statistics 

Statistical evaluation was performed using the Wilcoxon test for non para- 
metric samples. The significance level was p<0.10. Means are indicated with 
the median error of the mean. 



293 

Results 



293.1 

Course of Blood Parameters in the First 4 days Following Burn linjury 

The average blood volume before burn injury was 28.7±0.6 ml. This value 
was defined as 100%. In animals which had received a suture fixed trans- 
plant only blood volume dropped on the first day to 77.4±5.5%. On the sec- 
ond day blood volume returned to 93.4±7.6% and on the fourth day follow- 
ing burn injury blood volume stabilized at 105.9±16%. Animals which had 
received a transplant together with previous topical application of clotting 
factors to the wound bed had a blood volume of 94.1 ±4.1% on the first day, 
of 108.4±4.2% on the second day, and 102.4±4.3% on the fourth day. This se- 
quence is shown in Figure 29.1. Rats without any transplant had a blood vol- 
ume of 65.4±3% on the first day. These animals went into an irreversible hy- 
povolemic shock. 

Representative for intravascular protein content albumin concentration 
was established (Fig. 29.2). As standard for blood volume analysis the pre 
burn injury value of 3.0±0.6 g/dl was defined as 100%. Animals which had 
received a suture fixed transplant had an albumin content the first day fol- 
lowing burn injury of 82.5±4.0%, and on the second day of 77.8±4.9%. On 
the fourth day the albumin content rose again to 89.3±2.1%. In the group re- 
ceiving a transplant with previous application of clotting factors albumin 
content was 91.9±3.2% on the first day, and 78.1±3% on the second day. On 
the fourth day albumin content rose to 99.8±5.5%. 
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Fig. 29.1. Blood volume be- 
fore burn injury (day 0) and 
on the first, second and 
fourth day following burn 
injury. Data is shown as 
mean±SEM of results ob- 
tained from at least 4 ani- 
mals 
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Fig. 29.2. Intravascular albu- 
min content before burn in- 
jury (day 0) and on the first, 
second and fourth day fol- 
lowing burn injury. Data is 
shown as meant SEM of re- 
sults obtained from at least 4 
animals 



intravascular albumin I%1 




A with clotting fct, 
^0- S w/o clotting fct. 

C contr. (no tranap) 



days after burn injury 



0 



4 






Wound Healing, Fluid and Protein Balance 



259 



Fig. 29.3. Intravascular fibri- 
nogen content before burn 
injury (day 0) and on the 
first, second and fourth day 
following burn injury. Data 
is shown as mean±SEM of 
results obtained from at least 
4 animals 
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In average intravascular fibrinogen content before burn injury was 
215.9±7.1 mg/dl. Figure 29.3 shows the sequence within the first 4 days fol- 
lowing burn injury. In transplants with suture fixation only, fibrinogen con- 
tent rose on the first day to 199.2±21.9%. On the second day 224.8±14.4% 
was reached. On the fourth day fibrinogen content fell to 138.2±22%. In ani- 
mals which had a transplant with previous clotting factor application to the 
wound bed a similar sequence of intravascular fibrinogen content was ob- 
served. On the first day 181.0±33% was detected, on the second day 
228.6±11.8%, and on the fourth day 199.4±8.3%. 



29.3.2 

Wound Healing and Histology 

Histological observations were performed on the 2nd, 4th, 8th, 16th, 32nd 
and 64th day following burn injury. In Figure 29.4 the histologic appearance 
of the transplant which had been applied together with clotting factors to the 
wound bed is shown. Better preservation of histomorphological characteris- 
tics is evident (Fig. 29.4). Figure 29.5 shows beginning desintegration of the 
extracellular matrix during the following day in transplants applied without 
clotting factors. Wound healing proceeded more quickly in groups with clot- 
ting factor application. This is especially evident in morphological observa- 
tions as shown in Figures 29.6 and 29.7. Figure 29.6 shows the wound at 16 
days following skin transplantation with prior clotting factor application in 
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Fig. 29.4. Histology of the 
transplant of the transplant 
at 2 days following trans- 
plantation of a full thickness 
skin graft and topical appH- 
cation of clotting factors to 
the wound bed (HE xl60) 




Fig. 29.5. Histology of the 
transplant of the transplant 
at 2 days following trans- 
plantation of a full thickness 
skin graft without topical 
application of clotting fac- 
tors to the wound bed (v. 
Gieson xl60) 




Fig. 29.6. Wound area at 16 
days following transplanta- 
tion of a full thickness skin 
graft and topical appHcation 
of clotting factors to the 
wound bed. On the left side 
on top a suture used to 
mark and stabilize the cor- 
ner of the glued transplants 
can still be seen. 
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Fig. 29.7. Wound area at 16 
days following transplanta- 
tion of a full thickness skin 
graft without topical applica- 
tion of clotting factors to the 
wound bed. Numerous su- 
tures are still be seen. 




contrast to Figure 29.7 that shows a suture fixed transplant. As shown, the 
wound surface had considerably been reduced to approximately 1/4 of the 
size of the controls without clotting factor application. As shown in Figure 
29.6, on the left side on top, the former corner of the previously glued trans- 
plant is marked by a knot. Newly formed skin is present towards the center 
of the wound bed. The wound bed covered without the use of clotting fac- 
tors was still covered by the original skin transplant which was now largely 
necrotic (16 days, numerous sutures are seen in Fig. 29.7). At 64 days wound 
healing was completed in the clotting factor skin transplant group and not 
yet finished in the group without clotting factors. 

29.4 

Discussion 

Our study has shown that a combined topical application of clotting and at- 
tachement factors to the wound bed considerably accelerates wound healing 
and enhances blood volume stabilization following severe burns. Intravascu- 
lar albumin and fibrinogen content changes were similar in both groups. 

Fluid and protein derangements following burn injury are also a result of 
a disturbance at the level of the capillary cell membranes. From the result of 
our studies we can hypothesize that the wound bed sealing effect caused by 
the use of topical application of clotting factors in combination with the seal- 
ing effect of the skin transplant prevents the excessive exsudation of fluids 
into the wound bed typical for large burns and contributes significantly to 
the stabilization of intravascular blood volume content. The decrease in in- 
travascular albumin content and increase in fibrinogen content in both 
groups is an indication of a typical acute phase response caused by the burn 
injury. These phenomena have been shown also in in vitro studies using a 
primary hepatocyte cell culture model [2]. In this study hepatocytes were 
stimulated with interleukin-6. Comparing these in vitro data with our in vivo 
results it is obvious that the time sequence of the secretory changes observed 
for the negative acute phase protein albumin and the positive acute phase 
protein fibrinogen are in good agreement. 
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The topical application of clotting and attachement factors to the wound 
bed following excision of burned tissue may also be useful in combination 
with in vitro expanded autologous keratinocytes [9-10] to promote attache- 
ment and to accelerate wound healing. 

We can conclude, that the topical appUcation of clotting factors (Tissu- 
col®) enhances wound healing in addition to the beneficial effects on blood 
volume stabilization. This may be caused by the specific formulation of the 
clotting factor preparation we have used in this study. This preparation con- 
tains, besides fibrinogen and thrombin, fibronectin which is an extracellular 
matrix factor that promotes in vitro the attachment of cells. In patients the 
stabilizing effects of the topical application of this formulation could poten- 
tially promote wound heaUng and could help in preventing blood volume 
losses in large body surface burns. The combined chnical use of immediate 
escharectomy, wound bed sealing by the use of topical clotting factors and 
skin transplantation should thus be considered as potentially beneficial for 
the patient. 
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Primary Human Osteoblast Cultures 
on Different Biomaterials - 
Tissue-Engineering for Bone Reconstruction 

D.J. Schaefer • B. Munder • G.B. Stark 



Abstract 

In order to develop osteogenic bone substitutes by tissue-engineering, pri- 
mary human osteoblasts were cultured on the biomaterials tricalcium-phos- 
phate (TCP), hydroxyapatite-coUagene, autoclaved cancellous bone and in fi- 
brin glue. 

Human bone marrow stromal cells were obtained from iliac crest biopsies 
and expanded in the monolayer culture. Subconfluent subcultures were 
seeded on the following biomaterials: a) porous TCP-blocks, b) HA-enriched 
bovine collagen- 1 -sponges, c) autoclaved and denatured human cancellous 
bone from femoral head biopsies and into fibrin glue. The cell-biomaterial- 
constructs were cultured for 4 weeks in 10% PCS BGJ-B-medium. The con- 
structs were analyzed by histology, electronmicroscopy and immunhisto- 
chemistry. Proliferation of the cells on the biomaterial was analyzed by XTT- 
test. Stromal cells survived in fibrin glue for several days and showed an os- 
teoblastic phenotype. On TCP-blocks, in HA-collagen-sponges and on cancel- 
lous bone the cells proliferated. After 4 weeks in vitro a premature extracellu- 
lar matrix was synthesized on the TCP-blocks and a bone-neomatrix was 
found on the cancellous bone. As the constructs of bone marrow stromal 
cells and TCP-blocks as well as autoclaved cancellous bone showed osteogen- 
esis in vitro, tissue-engineered living bone grafts are possible. 

30.1 

Introduction 

Bone defects require filling by either autologous bone grafts or artifical bone 
substitutes. Autologous bone transplantation is limited and contains the risk 
of donor site morbidity. Synthetic bone substitutes have only an osteocon- 
ductive effect. In order to create living bone substitutes our concept for bone 
reconstruction by Tissue-engineering consists of the following parts: 

1. Living osteoblastic cells as synthesizers of osteoid for osteogenesis 

2. Biological matrices as cell carrier and for osteoconduction from the host 
bed 

3. Gene transfer of growth factor for osteoinduction 

We report about part 1 and 2, the creation of living bone constructs in vi- 
tro. Primary human osteoblastic cells were cultured on three different biolog- 
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ical matrices and in fibrin glue. The constructs were tested in vitro for ex- 
pression of the osteoblastic phenotype, adhesion on the biomaterial, prolif- 
eration and synthesis of new extracellular matrix. The test program included 
light microscopy of the cell cultures, histology, electronmicroscopy and XTT- 
prohferation assay. 

As osteoid contains basically coUagene type 1 in the organic phase and 
calciumphosphates in the anorganic part, the following biological matrices 
were tested: i) Collagen-type- 1 -hydroxy-apatite sponges, ii) tricalcium-phos- 
phate-blocks and iii) autoclaved cancellous bone. In addition cells were cul- 
tured in fibrin glue as a potential delivery vehicle of the cells to the macro- 
porous matrices. 

30.2 

Materials and Methods 

Primary human stromal cells were expanded from iliac crest biopsies under 
culture conditions in 10% fetal calf serum enriched BGJ-B-Medium plus anti- 
biotics. The first subculture was trypsinized and a single cell suspension of 
10^ cells per ml was brought on the biomaterials. The osteoblastic phenotype 
was verified by osteocalcin and alkaline phosphatase concentration in the 
supernatant and staining of the monolayer culture. One week after cell seed- 
ing onto the biomaterials, the constructs were fixed and cell adhesion was 
analyzed by electronmicroscopy. 

The XTT-Test was performed to analyze cell proliferation in the biological 
matrix. 10^ cells per ccm were seeded onto the biomaterial, the XTT-medium 
was added 36 hours later and extinction measured over 48 hours indicating 
proliferation. 

The constructs were cultered for 4 weeks in vitro under culture conditions 
and stained by HE, Toluidin blue and Richardson-Levaletzko to analyze ma- 
trix formation. 

The collagene-hydroxy-apatite sponges consist of bovine collagene type 1 
and 50% hydroxy-apatite (Co. Innocol, Germany). The sponge is a smooth 
scaffold and was gas sterilized. The alpha-tricalcium-phosphate blocks (Bio- 
base®, Co. Biovsion, Germany) have a porosity of 60%, macropores of 100- 
1500 pm and are stiff and shapable. The cancellous bone was harvested from 
femoral heads during total hip replacement. The stroma was washed out by 
water stream and ultrasound. Autoclavation was perormed for 15 minutes at 
134°C under 2,5 atmosphere and guaranteed a sterile matrix consisting of de- 
natured collagene type 1 and hydroxyapatite. Tissuecol® (Co. Immuno, Ger- 
many) was used as fibrin glue. 
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303 

Results 



303.1 

Collagene/Hydroxyapatite 

The coUagene-hydroxyapatite sponges shrunk down to 40% of the dry vol- 
ume during the seeding process of the cell suspension. Light microscopy re- 
vealed, that the cells estabhshed the osteoblastic phenotype in the matrix. In 
the XTT-test the proliferation rate of the cells in the sponge and with the ma- 
terial in the supernatant was significantly reduced compared to the mono- 
layer control. After 4 weeks in vitro the collagen-hydroxyapatite-sponges 
changed to a kolloid mass. Histology did not show any synthesis of an extra- 
cellular matrix. 



303.2 

Tricalcium Phosphate 

One week after seeding the cells on the tricalcium-blocks electronmicroscopy 
showed good adherence on the material. The XTT-test revealed a final iden- 
tic proliferation with a delay of 24 hours of the cells in the material com- 
pared to the monolayer control. Addition of tricalcium-phosphate to the 
monolayer did only slightly decrease the proliferation rate. After 4 weeks un- 
der culture conditions in vitro with dexamethason a premature extracellular 
matrix was found by histology. However no cells were found in the center of 
the Biobase®-blocks. 



30.3.3 

Autoclaved Cancellous Bone 

During the seeding process onto the macroporotic cancellous bone matrix 
not all cells contacted the surface and a lot were lost into the culture dish. 
The settled cells adhered well to the biomaterial as detected by electronmi- 
croscopy. Histology showed a new bone matrix sheeding the matrix with a 
morphology similar to osteoid after 4 weeks. 



30.3.4 
Fibrin Glue 

Histology showed survival of the osteoblastic cells as suspension in the fibrin 
glue Tissuecol® for more than 1 week under culture conditions. 

30.4 

Discussion 

The aim of this study was the creation of living bone substitutes by Tissue- 
Engineering with osteoblastic cells and biological matrices. As osteoid con- 
tains basically collagen Typ 1 in the organic matrix and hydroxyapatite in 
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the anorganic phase, related materials were tested. The perfect biomatrix is 
3-dimensional, porous, bioompatible and biogradable, it should allow cell ad- 
hesion, prohferation and synthesis of bone matrix. 

The accomplishment of these conditions was differently attained by the 
tested materials. The hydroxy-apatite sponges allowed no cell proliferation or 
synthesis of extracellular matrix in vitro. The sponges became too soft in the 
medium. 

Osteoblastic cells could be seeded onto the tricalciumphosphate blocks, 
they proliferated properly and synthesized a premature extracellular matrix. 
However in the center of the blocks no cells were found, which indicates 
either a low percentage of porosity and portion of interconnecting pores or a 
malnutrition and loss of the cells in the center of the matrix. 

Autoclaved cancellous bone is the material closest to osteoid and a bone- 
neomatrix was found even with low seeding density due to a loss of cells 
during the seeding process. As the osteoblastic cells survive in fibrin glue, 
this fact can be avoided by seeding the cells as a fibringlue-osteoblast sus- 
pension on the cancellous bone. 

We conclude, that the in vitro creation of living bone substitutes is possi- 
ble, the optimal synthetic biological matrix still has to be found. We estab- 
lished a test system in vitro to evaluate the osteogenic potency of tissue-engi- 
neered osteoblast-biomatrix-constructs. 
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Transfection of Human Keratinocytes In Vitro 

with the Particle Mediated Gene Transfer 

and the Liposome-Mediated Gene Transfer Method 

Ch. Andree • E. Tanczos • B. Flis • D. Schaefer • J. Kopp • M. Voigt • 
R. Horch • G.B. Stark 



31.1 

Introduction 

Advances in recombinant DNA technology, beginning in the 1970’s, brought 
the possibility of “gene therapy” closer to reality by enabling the isolation of 
purified genes on a preparative scale, their characterization at the nucleotide 
sequence level, and manipulation of their sequence. More recently, the devel- 
opment of gene transfer methods provided an essential capability and led to 
the first publicly approved clinical applications of gene transfer to humans 
[ 1 ]. 

Gene transfer is a process in which DNA or RNA molecules are introduced 
into cells. Most frequently gene transfer is intended to result in the synthesis 
of the protein that the nucleic acid encodes, but the expression of RNAs that 
function directly without translation has also been demonstrated [2]. 

In considering gene transfer to humans it is important to distinguish be- 
tween genetic modification of somatic cells which is not heritable, and modi- 
fication of germ cells which would be passed on to subsequent generations. 
Gene transfer to germ cells has been used to alter the genotype of plants, 
laboratory animals and a few types of farm animals for both research and 
commercial purposes. Germ-line gene transfer is conceptually attractive for 
treatment of inherited diseases, at present, gene transfer is directed only to- 
ward somatic cells. It has been speculated that gene alteration in human 
germ cells will not occur for twenty years or more in the United States for a 
multitude of reasons including the scientific uncertainty and technical obsta- 
cles this approach faces at this time, as well as the philosophical, ethical, po- 
litical and religious concerns that are raised. The relevant regulatory bodies 
in the US (the Recombinant DNA Advisory Committee of the National Insti- 
tute of Health and the Food and Drug Administration) are not currently con- 
sidering protocols involving gene transfer to human germ line cells, rather 
investigators are required to demonstrate that their protocols will not lead to 
unintended gene transfer to the germ line. 

Transfer of a gene into a cell can lead to the addition of a function or in- 
hibition of a pre-existing function. Both strategies could potentially be useful 
in the treatment of different cutaneous diseases, particularly in the epidermis 
and at the dermo-epidermal junction. The complementation of defective 
functions could be effective treatment for inherited skin diseases. Addition 
or augmentation of factors that promote repair might be useful in treating 
non-healing wounds. Alternatively, undesirable outcomes such as hyper- 
trophic scaring or keloid formation might be lessened or avoided by inhibi- 
tion of certain cell functions. 




268 



Ch. Andree et al. 



When DNA is transferred into a cell it may be stably incorporated into 
the chromosome of the host cell by chemical integration into the cellular 
DNA, or may exist as a separate molecule. Expression of the transferred gene 
may be transient or sustained. In cell culture where the cells are continually 
dividing, persistent presence of the transferred gene, a prerequisite for sus- 
tained expression, is typically associated with integration into the genome. 
Genes that are not integrated are lost over time. In intact animals, however, 
the correspondence between integration and persistence does not maintain. 
In some tissues, e.g. muscle, transferred DNA can be maintained and ex- 
pressed for prolonged periods without integration into the genome [3], 
whereas in tissues that are continually renewing themselves, like skin, even 
stably integrated genes may be lost due to cell turnover [4]. 

One strategy for gene therapy involves isolation of cells from the patient, 
establishment of the cells in tissue culture, gene transfer to these cells, and 
subsequent reengraftment of the cells back into the patient. This strategy is 
termed in vitro gene transfer since the gene transfer is done in culture, out- 
side of the patient. Frequently this approach is coupled with a selection and 
amplification step in tissue culture following gene transfer to enrich the cell 
population that is reintroduced to the patient. The selection/amplification 
step is accomplished by co-transfer of a selectable gene along with the thera- 
peutic gene and subsequent growth in culture under conditions that favor 
cells possessing the selectable gene function. This strategy has been success- 
ful with cells that adapt well to culture and reengraftment, but has been 
somewhat unreliable with many primary human cell types. The in vitro 
approach is also labor intensive, and consequently costly. 

An alternative strategy is to perform the gene transfer directly to cells in 
the patient. This strategy is termed in vivo gene transfer. The in vivo 
approach is clearly simpler than the ex vivo approach in a practical sense 
since it does not require tissue culture or engraftment of target cells, how- 
ever, this approach is complicated by the requirement of effective gene trans- 
fer to the target cells, and ideally only to the target cells, in the intact organ- 
ism. 

In the context of both in vitro and in vivo gene transfer, epidermis ap- 
pears to be an attractive target tissue since epidermal cells can be amenable 
to both brief culture period and autografting [5] as well as direct gene trans- 
fer [6]. 

The initial gene therapy protocols involved in vitro gene transfer, in part 
because this approach was amenable to the goals of the protocols, but also it 
was perceived as the more conservative, and thus potentially safer approach, 
in the face hypothetical but unknown risks. Results from these pioneering 
clinical trials provided better knowledge of the risk factors involved, and 
provided the necessary confidence to advance to in vivo gene therapy ap- 
proaches, several of which are now in clinical trials [7]. 
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31.2 

Techniques for Gene Transfer 



31.2.1 

Viral Vectors 

Viruses are obvious candidates as gene transfer vectors since their ability to 
efficiently transfer viral nucleic acid into host cell is an important part of 
their life cycles. Consequently, a number of viruses have been used for intro- 
duction of genes into cells. The most commonly used ones have been retro- 
virus, adenovirus (AV), Adeno-associated virus (AAV), vaccinia virus, and 
herpes virus (HSV) [7-10]. In general, the recombinant virus vectors are 
constructed by replacing one or more viral genes with the DNA of interest. 
Usually viral genes associated with pathology, replication and/or infectivity 
are deleted or disrupted, so the recombinant viral vectors are defective and 
avirulent. 

Propagation of these recombinant viruses requires that the viral functions 
missing from the vectors be supplied. In some cases, (e.g. adeno-associated 
virus) this is accomplished by coinfection of the host cell with a helper 
virus. More commonly, specialized “producer” cell lines that contain and sta- 
bly express integrated copies of viral genes are used to provide the necessary 
function. The former approach entails risk that the vector preparation will 
be contaminated with helper virus, thus the latter approach is generally pre- 
ferred. 

A major attraction of viral vectors is their efficiency, which can approach 
100% in established cell lines. Retrovirally mediated gene transfer also leads 
to integration of the transferred genes into a host chromosome, making 
them a permanent part of the genome throughout the cell’s lineage. A major 
disadvantage of viral gene transfer techniques is that they are laborious and 
require extensive safety measures. The preparation of high titer virus stocks 
is a significant undertaking, and not completely reliable at this time. More- 
over, although the viral vectors are usually defective, there is concern that 
virulent viruses might be generated during propagation by recombination 
with genes of the producer cell lines [11], so thorough quality assurance is 
required. In some cases, for example herpes virus, viral toxicity occur even 
when the virus is replication deficient. The random integration of retroviral 
vectors is mutagenic and potentially carcinogenic. Viral vectors also fre- 
quently impose restrictions on the size and/or structure of the transferred 
DNA due to intrinsic requirements of their biology. The high efficiency ob- 
served with viral vectors in estabhshed cell lines and inbred laboratory ani- 
mals is frequently lower and less reliable in primary cell cultures and natural 
populations. 

Retroviral gene transfer techniques have been successfully applied to kera- 
tinocytes [12-14] and fibroblasts [15] in animal model systems using an in 
vitro strategy. The procedure involves establishment of primary cultures of 
the target keratinocytes, that are then grown to subconfluence and incubated 
with the retroviral vector, or vector producing cells. Subsequently, the trans- 
fected cells are amplified in tissue culture prior to autologous engraftment 
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back onto the host. Commonly the retroviral vector includes a selectable 
marker like the neomycin resistance gene, so growth of the cells in media 
that contain gentamicin gives a competitive advantage to cells that contain 
and express the transferred genes, thereby providing a means to enrich these 
cells in the population during amplification in culture. Thus far, in vivo gene 
transfer to keratinocytes by retroviral vectors has not yet been reported. 
Adenoviral vectors have been shown to transfect mouse keratinocytes in 
vivo. 

Preexisting immunity is a concern for in vivo gene transfer by viral vectors. 
Immunity to vaccinia is widespread (due to its use in smallpox vaccination pro- 
grams) and poses a significant problem for subsequent use of this virus [16]. 
Immunity to AV is also likely to be widespread in humans, but the effect of 
such immunity on use of AV as a gene transfer vector is not yet clear. 

It should also be noted that in vitro procedures are very tedious. Harvesting 
cells, establishing and growing them in culture, incubation of the cells with the 
virus, and subsequent amplification and preparation of the cells for autologous 
engraftment may take as long as 2-3 weeks. Establishment of primary cells in 
tissue culture in may be unreliable in some cases (e.g. human tumor cells), 
however, skin cells appear to be amenable to these procedures [17]. 



31.2.2 

Chemically-medliatedI Gene Transfer 

A number of chemical compositions, most notably liposomes, calcium phos- 
phate and DEAE-dextran have been used extensively for in vitro gene trans- 
fer to tissue culture cells [17-20]. Plasmid DNA forms complexes with these 
materials upon mixing and the complexes are transported into cells by endo- 
cytosis. These techniques are simple to perform and have great utility in in 
vitro gene transfer for research purposes. The efficiency of these methods is 
generally low, but sufficient to make them useful for gene transfer to estab- 
lished cell lines. The feasibility of liposome-mediated gene transfer in vivo is 
currently being investigated. 



31.2.3 

Electroporation 

It has long been known that exposure of cells to electrical field pulses makes 
their membranes porous [21]. If the cells are made porous while bathed in 
medium that contains plasmid DNA, some of the DNA will enter the cell and 
be expressed. This technique is effective with cultured cells in suspension, 
but has not been applied widely to primary cell cultures or cells in vivo. 



31.2.4 

Injection of DNA 

Direct injection of plasmid DNA into cell nuclei using micro capillaries, 
termed micro-injection, is a method of gene transfer commonly used to tar- 
get cells in early stage embryos for the production of transgenic animals. 
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The animals derived from treated embryos are usually chimeric, but some of 
these animals will pass the transgene through the germline to their progeny 
estabUshing a transgenic hne. Gene expression has also been demonstrated 
following injection of DNA locally into muscle heart, liver, brain, skin and 
other organs using a standard hypodermic syringe. Among the tissues inves- 
tigated, this method appears to be most effective for gene transfer to muscle. 
The level of gene expression obtained following intramuscular injection of 
DNA is relatively low, but can persist for a prolonged period. This feature ap- 
pears to be characteristic of muscle rather than the gene transfer technique, 
since genes transferred to muscle by other methods (e.g. liposomes or parti- 
cle-mediated gene transfer) also show prolonged expression. Intramuscular 
injection of genes encoding viral antigens has been shown to induce both 
cellular and humoral immunity directed toward the expressed antigens, sug- 
gesting it may be useful as a vaccine strategy [22]. 



31 . 2.5 

Particle-Mediated Gene Transfer 

Particle-mediated gene transfer was originally developed for gene transfer to 
plant cells [23], but more recently was shown to also be applicable to a wide 
variety of mammalian cells in vitro and in vivo [24]. The method is concep- 
tually simple. DNA is coated onto microscopic gold particles (on the order of 
1-5 pm in diameter). The DNA coated gold particles are then accelerated to 
high velocity by an electric arc discharge or a high pressure helium jet, and 
directed into the target cells. The DNA is usually a cloned recombinant plas- 
mid, but can be in any form or size. Gold particles are used because they are 
dense, relatively inert, non-toxic and commercially available in appropriate 
particle sizes. The magnitude of the accelerating force, the number of parti- 
cles per target area and the amount of DNA loaded onto each particle are all 
adjustable parameters in this system. Particle penetration in different tissues 
ranges from approximately 50-100 pm in skin up to 500 pm in liver. Using 
the optimal number of particles no measurable adverse effects result from 
penetration of particles into target tissue. 

Particle-mediated gene transfer has been shown to be highly effective for 
gene transfer into skin and partial thickness wound beds in vivo [6]. Gene 
transfer by this method into intact skin has been shown to be an effective 
vaccine strategy leading to immune responses comparable to those obtained 
with antigen plus complete Freund’s adjuvant, considered the “gold standard” 
in terms of eliciting die immune responses. Using this method it has been 
shown that transfer of a genetically engineered epidermal growth factor 
(EGF) gene to partial thickness wounds leads to production of relatively high 
levels of EGF over several days, and results in significandy accelerated (heal- 
ing) re-epithelization of the wounds [6]. 

The general applicability of this method to a wide range of cell types and 
tissues is an attractive feature of this technique. The efficiency of gene transfer 
by this method can also be relatively high (ranging from 1-50% in different 
target systems), though optimization of the method for the cell or tissue type 
is important in maximizing gene transfer efficiency for different applications. 
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A potential complication associated with this method is that residual gold 
particles may be left in the patient. This concern is not an issue for applica- 
tions that specifically target the epidermis (e.g. vaccination), since the cells 
that contain the gold particles and DNA eventually die and exfoliate from the 
body. Application of the technique to internal organs and wounds, however, 
does resiilt in prolonged presence of gold particles in the tissue [25]. Prior 
use of elemental gold in dentistry and plastic surgery, as well as extensive ex- 
perience with particle-mediated gene transfer in plant and animal systems 
indicate that acute toxicity is not likely to be a problem, but possible long- 
term complications, e.g. fibrosis, need further investigation. 



313 

Purpose of the Experiment 



Skin is an attractive target for gene therapy. It is the largest organ of the 
body and has an excellent blood supply. It is easily accessible for different 
gene transfer techniques and for purposes of follow-up procedures. Epider- 
mal cells can be harvested and grown in vitro. The presence of keratinocyte 
stem cells in culture and a possibility of their stable transfection is likely to 
result in a prolonged transgene expression following keratinocyte transplan- 
tation back to the host though initial attempts at this strategy have yielded 
only transient expression. 

Early reports employed retroviral and chemically-mediated gene transfer 
techniques to skin by using in vitro techniques. The skin cells were grown in 
in vitro primary culture. The cultured cells were then transfected by incuba- 
tion with retrovirus RNA construct or with a plasmid in the case of chemi- 
cally-mediated gene transfer. The transfected cells were then multiplied in 
culture with or without selected media and then transplanted back to the 
wound in an autologous fashion. 

With the current particle mediated gene transfer device, epidermal layers 
in a wide range of mammalian species can be efficiently transfected. A broad 
range of cell cultures, adherent or in suspension, continous and established, 
can also be successfully transfected. The flexibility of the particle delivery 
system allows for fine-tuning of experimental parameters; however, it is ne- 
cessary for each laboratory to determine the optimal parameters for their 
particular cell culture system. Any quantitative assay may be used to deter- 
mine the optimum combination of critical parameters for the particular bio- 
logical system under investigation. 

A number of chemical compositions, most notably liposomes, have been 
used extensively for in vitro gene transfer to tissue culture cells. These tech- 
niques are simple to perform and have great utility in in vitro gene transfer 
for research purposes. The efficiency of these methods is generally low, but 
sufficient to make them useful for gene transfer to established cell lines. 

In this investigating we tried to find optimal parameters, for both, the par- 
ticle mediated gene transfer method and the liposome-mediated gene trans- 
fer method in an in vitro system. 
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31.4 

Material and Methods 



31.4.1 

Tissue Culture Method 

Split thickness human skin sections were harvested from skin discharged 
from plastic surgery operations under sterile conditons. The sections were 
first kept in Phosphate Buffered Saline (PBS) containing peniciUin (100 
units/ml), streptomycin (100 pg/ml) and amphotericin B (0.25 pg/ml) for two 
hours and then incubated with 0.25% Dispase at 37°C for two hours to sepa- 
rate the dermis from the epidermis. Fine sheets of epidermis were treated 
with a 0.1% trypsin/0.02% EDTA-solution at 37°C for 30 minutes to obtain 
single cell suspension. Keratinocyte clusters were dissociated with forceps 
and then neutralized with Keratinocyte SFM medium, containing lOOx MEM 
nonessential amino acids, L-arginine, Na-pyruvate, putrescine-HCl, insulin, 
hydrocortisone choleratoxin and penicillin (100 units/ml), streptomycin (100 
pg/ml) and amphotericin B (0.25 pg/ml). The cells were then resuspended in 
a 25 ml pipette for 4 minutes to break the remaining cell to cell contacts, 
and filtered with a 100 pm mesh to separate any cell group. After 5 minutes 
centrifugation (1200 rpm, 5°C) the pellet was dissolved in 10 ml modified 
SFM medium. Keratinocyte viability was tested with trypan blue and cells 
were counted in a hemocytometer. Keratinocytes were transferred into 6-well 
tissue culture plates at a density of 2x10^ cells per well and incubated at 
37 °C with 5% CO 2 until the cells reached 50-80% confluence. 



31.4.2 

Particle Mediated Gene Transfer Method 



The particle delivery device employs a high velocity stream of helium to in- 
tracellularly deliver gold particles coated with the expression plasmid EGF. 
The discharge is initiated by triggering the solenoid. The pressure release 
causes a rapid acceleration of the helium down the bore of the device. The 
beads become entrained in the helium stream and begin to pick up speed. 
Immediately past the acceleration channel, the barrel begins to open as a 
cone. The slope of the cone causes the gas to be pulled outward, expanding 
the high pressure jet into a less destructive low velocity pulse, while the 
beads maintain a high velocity. 

Prior to transfection, the plasmid DNA was attached to the gold particles. 
This was accomplished by precipitation of the DNA from solution in the 
presence of gold particles by the addition of the polycation spermidine and 
CaCl 2 . The particles were then resuspended in ethanol and coated on to the 
inner wall of the tubing. The DNA/gold coated tubing was cut into 1.2 cm 
length cartridges which were inserted into the cylinder of the device. Dis- 
charging the device propelled the DNA/gold particles into the cultured cells. 

The parameters were as follows: 
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gold particles: 
bead loading rate: 
DNA loading rate: 
helium pressure: 



1-3 pm 

0.5 mg gold/cartridge 

2 pg DNA/mg gold 

5 bar; 10 bar; 15 bar; 20 bar; 25 bar. 



31.4.3 

In Vitro Bombardment of Tissue Cultures 

In vitro tissue samples were placed into six well plates and grown to 60-80% 
subconfluence and bombarded at appropriate pressure settings as indicated. 
The medium was then sampled every day and assayed for EGF concentration 
using an ELISA method. 



31.4.4 

Liposomes Mediated Gene Transfer Method 

The liposomes were obtained from LipofectAMINE. For this experiment, two 
groups of solutions were prepared for each transfection. 25 pg EGF expres- 
sion plasmid and 50 pg of Liposomes with Opti-MEM were combined and 
mixed gently. The mixture was incubated at room temperature for 45 min- 
utes. While the DNA-liposome complex is forming, the human keratinocytes 
were washed with phosphate buffered saline. Serum-free medium was then 
added to the tube containing the DNA-liposome complex. After mixing 
gently, the diluted complex solution was added to the cells. The cells were 
then incubated for five hours and the solution was exchanged with normal 
keratinocyte media. The medium was then exchanged as described above. 



31.4.5 

EGF-Plasmid 

The expression plasmid used in this study was pWRG1630. The plasmid was 
propagated in Escherichia coli XL 1 -Blue MR and supercoiled DNA was pre- 
pared on Qiagen™ (Chatsworth, CA) chromatographic columns as recom- 
mended by the manufacturer. The plasmid was constructed from pAbP2, an 
expression/secretion vector (kindly provided by Michael D. Eisenbraun, Agra- 
cetus, Inc.) and a segment of the full-length human EGF cDNA clone, lamb- 
daEGF116 (35, obtained from ATCC). A DNA segment containing the mature 
hEGF sequence (nucleotides 3347-3505 of Genbank accession no. X04571) 
was extracted from lambdaEGFllb by PGR. 

The gene consists of the CMV immediate early transcriptional promoter 
(nucleotides 216 to 834 of Genbank accession no. K03104), followed by a por- 
tion of the human growth hormone (hGH) gene (nucleotides 275 to 686 of 
Genbank accession no. J00148 K00612), the mature hEGF coding region, and 
a segment containing the 3’ untranslated sequence and polyadenylation sig- 
nal of the bovine growth hormone gene (from pRc/CMV, Invitrogen, Inc.). 
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31.4.6 

Study Design 



In the first set of the study, human keratinocytes, 60-80% confluent, were 
bombarded with the gold/DNA particles in concentrations as described 
above, with different pressure concentrations. As a control we used gold par- 
ticles with no DNA. The medium was changed every day and an ELISA was 
performed to measure the EGF concentration. 

In the second set of this experiment, keratinocytes were either transfected 
with lipofectamine, with lipofectamine and gold/DNA particles in the same 
concentration as above and 20 barr helium pressure and gold/DNA particles 
alone with 20 barr helium pressure. The medium was changed every day and 
an ELISA was performed to measure the EGF concentration. 



31.5 

Results 



Viability of cells after transfection: 

Cells transfected with the particle bombardment showed less viability after 
transfection compared with the liposomall gene tranfer technique using the 
trypan blue exclusion. 

EGF transfection efficiency using the particle bombardment method: 

We bombarded human keratinocytes grown to subconfluence with the ex- 
pression plasmid EGF. The parameters used were gold particles 1-3 pm in 
size, the bead loading rate was 0.5 mg gold/cartridge, the DNA loading rate 
was 2 pg DNA/mg gold. We changed as one parameter the helium pressure 
with 5 bar; 10 bar; 15 bar; 20 bar; 25 bar. As controls we bombarde gold par- 
ticles without DNA. Highest concentration of EGF was obtained at day 1 
using the helium pressure of 20 bar. The expression was followed by a de- 
cline in EGF concentration after the next days. Lowest concentrations were 
observed using the helium pressures of 5-10 bar per discharge. 

EGF transfection efficiency using liposomal gene transfer method: 
Transfection using the liposomal gene transfer method showed comparable 
EGF concentrations on days 1-3. There were no significant differences be- 
tween the two gene transfer techniques. 

EGF transfection efficiency using the particle bombardment method and li- 
posomal gene transfer together: 

After transfection of human keratinocytes first with the liposomes and then 
with the gold DNA particles showed no additive effect in EGF concentra- 
tions. Highest concentrations of EGF was obtained at day 1 using the helium 
pressure of 20 bar and the liposome gene transfer technique. The high ex- 
pression was followed by a decline in EGF concentration over the next days. 
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31.6 

Discussion 

For nonviral gene transfer methods, little is known about the mechanism in- 
volved in transport of the DNA to the nucleus, the initiation of gene expres- 
sion once it gets there; or the mechanism by which the DNA is eventually 
lost, maintained independently, or becomes integrated into the host genome. 
It is clear that the persistence of foreign plasmid DNA in cells is dependent 
on cell type. The presence and expression of the DNA in cultured cells which 
are continuously dividing is usually transient. A small fraction of the cells 
that take up the DNA, usually 0.1-1%, will integrate and stably express the 
foreign gene, but most of the cells will lose the gene, or extinguish its ex- 
pression, over time. In cases where stably transformed cell lines are desired 
a strategy of selection is usually employed. As we have shown in this experi- 
ments a transient declining concentration was achieved using the particle 
bombardment and the liposomal gene transfer method. 

The random pattern of integration into the genome shared by all current 
gene transfer methods can be mutagenic [26]. Consequently, there is concern 
that some of these insertions could result in oncogenic transformation of the 
target cells through activation of a proto-oncogene or insertional inactivation 
of a tumor suppressor gene. The level of this risk is unknown, but has been 
estimated to be low. Moolten and Guppies [27] have pointed out that quanti- 
tation of this risk will require much larger clinical trials than those in pro- 
gress. 

Site-specific integration either through reconstitution of the native AAV 
integration mechanism or through homologous recombination would be 
greatly reduce or eliminate potential complication due to random integration 
events, but neither are, at this time, technically practical for gene therapy ap- 
plications. As noted previously, recombinant AAV vectors do not show site 
specific integration for reasons that are currently unknown. Homologous re- 
combination of transferred DNA into the recipient genome has been repeat- 
edly demonstrated, and has proven a powerful tool for creation of “knock- 
out” mutations in transgenic mice to provide mouse models of human dis- 
ease, but the efficiencies and requirements of the manipulations involved 
have not yet been reconciled with what is currently achievable in the clinic. 

The frequency of homologous recombination is, in fact, surprisingly high 
relative to statistical expectations. Unfortunately, the number of nonhomolo- 
gous recombination sites is also very high, so the overall efficiency of homo- 
logous recombination is relatively low compared to the background of ran- 
dom integration events. A major breakthrough enabhng the production of 
“knockout” transgenic mice was development of continuously cultured em- 
bryonic stem cells that can be incorporated into early stage mouse embryos 
and contribute transgenic cells to the mouse that develops. Elegant selection 
strategies can be applied to exclusively isolate homologous recombination 
events because the continuos cell lines allow the necessary manipulation in 
tissue culture. Gene transfer is not the limiting capability in this situation, 
and several of the gene transfer methods described above (with the excep- 
tion of retroviral vectors which possess their own integration mechanisms in- 
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dependent of host recombination) have been successfully used to put DNA 
into cultured embryonic stem cells. 

The basic strategy for genetic therapy when using keratinocytes as a tar- 
get tissue has three principal approaches [27]. In the first one, the aim of the 
therapy would be to correct a gene whose malfunction affects the epidermis 
itself. In an in vitro experiment, the phenotype of cultured keratinocytes har- 
vested from patients suffering from recessive X-linked ichthyosis was cor- 
rected following a gene transfer with a defective enzyme. A similar approach 
could be used in treatment of other dermatological diseases such as epider- 
molysis bullosa. The second approach is to engineer keratinocytes to release 
a peptide into the systemic circulation in case of enzyme or hormone defi- 
ciencies or to synthesize an antigen in case of vaccination [28], for example. 
In the third case, genetically modified keratinocytes might perform various 
metabolic functions or detoxify substances present in the systemic circula- 
tion. The accumulated expertise in culturing and autologously grafting skin 
cells is highly developed, comparable to that of bone marrow cells, suggest- 
ing that these cell types are good candidates for the extension of homolo- 
gous recombination protocols to gene therapy objectives. 
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Abstract 

After having demonstrated that the transfer of a well perfused muscle flap 
predictably enhances the revascularization of ischemic tissue, further studies 
revealed the presence of basic fibroblast growth factor (bFGF) at the is- 
chemic/non ischemic interface and a proHferative effect of wound fluid col- 
lected from this interface on endothelial cells. The aim of this study was, 1. 
to further investigate the process of revascularization for presence of other 
growth factors (VFGF, TGF^) and 2. to analyze whether this process can be 
blocked by the addition of an anti bFGF antibody in vivo and 3. if the intro- 
duction of exogenous bFGF to the flap-ischemic tissue interface can addition- 
ally increase capillary density. 

Hindlimb ischemia was produced in New Zealand White Rabbits by liga- 
tion of the right common iliac artery (n = 5, group I). A ischemic-non is- 
chemic interface was created by the additional transposition of an inferiorly 
based left rectus abdominis muscle flap (n=0.10, group II). For the collec- 
tion of wound fluid and application of growth factor a percutaneously acces- 
sible wound fluid chamber was positioned at the flap-ischemic limb inter- 
face. In the first experiment an anti bFGF antibody was added to the inter- 
face via the wound fluid chamber (n = 5, group II). Biopsies were taken on 
pod’s 1, 4 and 7. Blood vessels were detected immunohistochemically (CD 
31+). In a second experiment (n = 5, group II) 125 pg of recombinant bFGF 
was added to the interface via the wound fluid chamber on POD I. Biopsies 
were taken on POD 7 and blood vesssel count was performed as described 
previously. Also on POD 7 biopsies were taken for immunohistochemical de- 
tection of growth factors. 

After in vivo antibody injection the number of new blood vessels at the is- 
chemic-non ischemic interface was reduced significantly (70.7±6.89 vs. 
9.93±5.17, p<0.01). After addition of exogenous bFGF number of new blood 
vessel formations was significantly increased compared to the group were 
only a flap was transposed to an ischemic hindlimb (70.7±6.89 vs. 
108.4±17.6, p<0.03). 

These data demonstrate that bFGF is one of the major components in the 
wound fluid which are responsible for new blood vessel formation. This en- 
dogenous effect can be amplified by the addition of exogenous bFGF. In this 
study the effect of a surgical technique could be improved by using a recom- 
binant angiogenic protein. A further step would be the use of gene therapy. 
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Chronic wounds, positioned on the body surface would be easily reachable 
for this technique. Several growth factors (i.e. bFGF, VEGF, PDGF, EGF, TGF) 
will be available to improve surgical procedures or for new therapies based 
on molecular biology techniques. 

32.1 

Introduction 

Angiogenesis, the formation of new capillary beds by sprouting from exist- 
ing vessels, plays a fundamental role in embryonic development, tissue repair 
and the onset of neoplasia [1]. Several growth factors and cytokines are in- 
volved in this process [1-5]. In a well established model of indirect revascu- 
larization [6, 7] we could demonstrate that the transfer of a well perfused 
muscle flap predictably enhances the revascularization of ischemic tissue. 
Further studies revealed the presence of basic fibroblast growth factor 
(bFGF), a very potent angiogenic factor at the ischemic/non ischemic inter- 
face and a proliferative effect of wound fluid collected from this interface on 
endothelial cells [8]. The aim of this study was, 1. to further investigate the 
process of revascularization after transfer well vascularized muscle tissue 
onto ischemic muscle tissue for presence of other growth factors (VEGF, vas- 
cular endothelial growth factor and TGFjS transforming growth factor beta) 
and 2. to analyze whether the process of neovascularization can be blocked 
by the addition of an anti bFGF antibody in vivo and 3. if the introduction 
of exogenous bFGF to the flap-ischemic tissue interface can additionally in- 
crease capillary density. 

32.2 

Material and Methods 

New Zealand White Rabbits were used in this study. The animals were an- 
esthetized by intramuscular injection of ketamine hydrochloride and acepro- 
mazine followed by a intubation anesthesia with isofluorane. A postoperative 
analgesia was not necessary. In the first experimental group (I, n = 5) the 
right hindlimb was rendered ischemic by ligation of the right common iliac 
artery at the aortic bifurcation. In the second group (II, n= 10) this step was 
followed by the transposition of a contralateral pedicled rectus abdominis 
muscle flap to the right thigh, creating a non-ischemic/ischemic interface. 
Wound fluid was collected using a silastic tube connected to subcutaneous 
implanted aspiration port. The collecting device was implanted either at the 
interface between muscle flap and ischemic hindlimb or direct to the surface 
of the ischemic muscle tissue. In the first experiment an anti bFGF antibody 
was added to the interface via the wound fluid chamber (n = 5, group II). 
Biopsies were taken on POD’s I, 4 and 7. Blood vessels were detected immu- 
nohistochemically (CD 3I+). In a second experiment (n = 5, group II) 125 pg 
of recombinant bFGF was added to the interface via the wound fluid cham- 
ber on POD 1. Biopsies were taken on POD 7 and blood vessel count was 
performed as described previously. Also on POD 7 biopsies were taken for 
immunohistochemical detection of growth factors. Angiogenesis was visua- 
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lized via immunostaining of microvessels to the vascular endothelial cell 
marker, CD 31. Growth factors were detected using specific antibodies 
against VEGF and TGF/?. Immunhistochemical staining was performed on 
cryostat 5 pm sections from each embedded tissue block. 

32.3 

Results 

In contrast to bFGF neither VFGF nor TGF^ff were detected in the myoblasts 
of the transposed muscle flap. A strong VFGF-signal was only found in the 
vessels of the well perfused muscle tissue and to a lesser extend in new capil- 
laries of the non-ischemic/ischemic tissue interface. No or only a weak signal 
could be detected in the vessels of the ischemic tissue. TGF^ protein was pre- 
sent in most of the vessels of the muscle flap, the interface and, weaker, the 
ischemic tissue. Furthermore it was strongly positive in infiltrating immuno- 
cytes of the interface and in the stroma surrounding the muscle fibers of the 
muscle flap, but weaker or not present in the stroma of the ischemic tissue. 

After in vivo anti bFGF-antibody injection the number of new blood ves- 
sels at the ischemic-non ischemic interface was reduced significantly 
(70.7±6.89 vs. 9.93±5.17, p<0.01). After addition of exogenous bFGF number 
of new blood vessel formations was significantly increased compared to the 
group were only a flap was transposed to an ischemic hindlimb (70.7±6.89 
vs. 108.4±17.6, p<0.03). 

32.4 

Discussion 

Using a well established model of muscle flap transfer onto ischemic muscle 
tissue 16], where the onset of indirect revascularization could be demon- 
strated 17], we focused in our previous studies on the analysis of molecular 
mechnisms and especially the influence of bFGF in this process [8]. But it is 
important to understand, that a whole network of growth factors and cyto- 
kines is involved in the process of angiogenesis and wound healing 19] . Sev- 
eral cytokines are also detected at the non-ischemic/ischemic tissue interface 
in our model, but little is known about the underlaying mechanisms and the 
interaction between these molecules. The data demonstrate furthermore that 
bFGF is one of the major components in the wound fluid which are responsi- 
ble for new blood vessel formation. Using blocking antibodies to bFGF 
added to the interface in vivo and to the wound fluid on endothelial cell cul- 
ture in vitro, the formation of new capillaries as well as the proliferation of 
endothelial cells could be reduced significantly. This endogenous effect can 
be amplified by the addition of exogenous bFGF. Other studies demonstrated 
also an increase of capillary density after injection of bFGF to ischemic tis- 
sue [10, 11]. In this study the effect of a surgical technique could be im- 
proved by using a recombinant angiogenic protein. A further step would be 
the use of gene therapy and tissue engineering for the induction of therapeu- 
tic angiogenesis. Chronic wounds, positioned on the body surface would be 
easily reachable for this technique. Several growth factors (i.e. bFGF, VFGF, 
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PDGF, EGF, TGF) will be available to improve surgical procedures or for new 
therapies based on molecular biology techniques. 
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into gastric and colon pouches 126 

prefabricated capsule 113 
proliferation 97, 108 
protein and fluid losses 255 
proteoglycanes 185 

PTFE (polytetrafluoroethylene) 143-147, 
173-177, 237 

- membranes 173-177 
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- vascular grafts 143-147 

- EC seeding 146 

- graft implantation 147 

- matrix precoating 145 

Q-platelet gell 34 

recombinant retrovirus 54 
reepithelialization of skin 89 
retrovirus, recombinant 54 
revascularization 279 

salt concentration 39 

- high concentration 39 

- physiological 39 
scaffolds 

- three-dimensional 135, 180, 185 

- tissue engineered tubular scaffold 237 
scar formation 21 

SEM (standard errors of means) 86 
serum-free keratinocyte growth medium 
(KGM clonetics) 87 
single-cell transplantation 117 
sinusoidal endothelial cells 141 
skeletal muscle, tissue engineered 217-223 
skin 

- defects, large, chronic 21 

- equivalent 23 

- grafts, full thickness skin grafts 255 

- keratinocytes and skin reconstruc- 
tion 83 ff. 

- reepithelialization 89 
spheroids 99 

- deformation, spheroidal 41 
spreading 97 

stem cells 93, 97 
suspensions, single-cell 86 
synthetic 

- dressings 22 

- extracellular matrix 197 

- inorganic materials 199 

- organ materials 198 
systemic care, wound healing 4, 5 

TCP (tricalciumphosphate) 208, 210 
tendons 215 ff. 

- fibrin glue as a provisional matrix in 
tendon healing 243-252 

- biomechanical tests 246, 249 

- ultrasonography 248 

- in-vitro model 246, 249 

- in vivo model 246 
tensile strength 30 

TGFs (tumor growth factors) 132, 197 

- TGF-^ 197 

- TGF-y^3 132 

three-dimensional scaffolds 135 
thrombin 

- bovine thrombin 35 
tissue/tissue repair 13, 21-28, 29-38, 

68, lllff., 119, 163-168, 179, 225-235, 
237-241, 263, 280 

- biomaterials 29-38 



- bladder tissue 114 

- bone grafts, tissue-engineered 263 

- cartilage, tissue engineered 163-168 

- collagen 13, 21-28 

- connective tissue 13 

- matrix 21-28 

- defect, wound heaHng 3 

- engineering 119, 179 

- glueing, autologous approaches 30 

- liver tissues, human 135 

- nerve conduits, tissue 
engineered 225-235 

- nerve guidance channels, 
tissue engineered 237-241 

- regeneration 36 

- sedants, different 39-43 

- skeletal muscle, 

tissue engineered 217-223 

- tubular scaffold, tissue engineered 237 

- visceral and internal tissues 1 1 1 ff. 
transfection 

- of human cell lines 135 

- of human keratinocytes 
in vitro 267-278 

transplantation 

- autologous transplantation 125 ff., 189ff. 

- chondrocyte 189-193 

- of urothelium 125-134 

- of cultured urothelium into gastric and 
colon pouches 126 

- hepatocyte 136 

- single-cell 117 

trauma and burns {see also burns) 240 
tricalcium phosphate 265 
trypan blue exclusion test 164 
tubular 

- formation 138 

- scaffold, tissue engineered 237 
tumor growth factors {see TGF) 

ulcus 105 

- chronic leg ulcers 105-109 
ultrasonography, fibrin glue in tendon 

heaHng 248 

urothelid cells/urothelium 113-118, 
125-134 

- autologous 

- cultered 113-118 

- transplantation 125-134 

- cell culture, urothelial 119-124, 126 

- culture of urothelial ceUs on 
matrices 129 

- histogram 122 

- ex- vivo cultured 115 

- human 113 

- multilayered 125 

- preparation of urothelium covered 
membranes 128 

vascular 
-EC 159 

- grafts, endothelial cell-seeded 
PTFE 143-151 
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vein grafts 143 

viral vectors, gene therapy 269 

visceral and internal tissues 1 1 1 ff. 

wound 

- angiogenesis in wounds, 
therapeutic 279-282 

- dressing 23 

- healing in surgery 3-12, 13-19, 21-28, 
61, 67-82, 255-262 

- burns disaster 4, 240, 255-262 

- collagen {see there) 13-19, 21-28 



— - EGF (see there) 47, 67-82, 97, 117 

— fibroblast proliferation 39 

— KGF (keratinocyte growth factor) 61-65 

— local care 6, 7 

— micor- and macroscopic 
examinations 257 

— operation care 9 

— systemic care 4, 5 

— tissue defect 3 

xenograft 22 

XTT prohferation assay 62 




